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Abstract 

This work aimed to study the properties of poly(lactic acid) (PLA) and wood/poly 

(lactic acid) (PLA) based composites including mechanical, thermal, antibacterial, 

barrier properties and biodegradable performance. The first part of this work, 

Poly(lactic acid) (PLA) and wood flour/PLA composites were prepared and blended 

with two antimicrobial agents, triclosan and silver-substituted zeolite (Zeomic), using a 

twin-screw extruder. The mechanical and thermal properties, antimicrobial activity, and 

biodegradation performance were investigated. The addition of wood was found to 

increase the Young‟s modulus of the composites, whereas the tensile strength, 

elongation at break, and impact strength dropped because of its incompatibility. The 

mechanical properties of the PLA and wood/PLA composites filled with Zeomic were 

also found to drop, especially at a presence of 10 %wt wood, because of the degradation 

of the PLA matrix as a result of a hydrolysis reaction between PLA, water molecules in 

the zeolite structure and absorbed water molecules by the wood particles. However, the 

mechanical properties of PLA and wood/PLA loaded with triclosan did not show any 

definite trends. Differential scanning calorimeter (DSC) data indicated that the Tg value 

of neat PLA was 63
o
C, whereas those of wood/PLA composites were lower. When 

wood and Zeomic were incorporated, PLA exhibited double melting peaks.  For 

triclosan system, Escherichia coli (E. coli) and Staphylococcus aureus (S.aureus) 

growth appeared to increase with contact time for PLA, but to decrease with contact 

time for the wood/PLA composites. Based on the results and quantitative evidence, it 
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was proposed that the wood flour acted as an “antibacterial promoter” for triclosan 

blended wood/PLA composites, which facilitated triclosan migration onto the 

wood/PLA composite surfaces to kill the bacteria. The molecular interactions between 

PLA, triclosan and wood were quantitatively characterized experimentally by water 

contact angle and Fourier transform infrared spectroscopy (FTIR). However, Zeomic 

did not show antibacterial performance under the test condition. Biodegradation tests of 

neat PLA and wood/PLA composites showed that after a 60-day incubation period the 

biodegradation rate of wood/PLA was higher than that of PLA. PLA and wood/PLA 

containing Zeomic were found to degrade more quickly, suggesting that wood and 

Zeomic acted as biodegradation promoters. On the other hand, triclosan could be 

considered a biodegradation retarder, since no biodegradation was observed for any 

triclosan-loaded samples during the initial 20 days of incubation, while neat PLA and 

wood/PLA composites began to degrade within the first few days.  

 

For the second part, the PLA, triclosan, wood and Cloisite
®
 30B were compounded 

using twin screw extruder. This part focused on determinations of mechanical, 

antibacterial, thermal and barrier properties of PLA composites. It was found that only 

the tensile modulus of PLA composites increased while the others decreased when 

10 %wt wood was loaded. The effect of triclosan and Cloisite
® 

30B compounding did 

not change the mechanical properties and glass transition temperature. However, by the 

presence of wood and Cloisite
®
 30B, Tm values of the composites exhibited double peak 

characteristic which was related to an increase in crystallinity level. Antibacterial 

activity of the PLA composites was improved with the Cloisite
®
 30B content, and this 

was attributed to cationic bactericide quaternary ammonium group between the silicates 

layers. Hydrophobic material triclosan obviously changed water vapor permeability 

(WVP) of the PLA from 8.24 x 10
-11

 to at 7.26 x 10
-11

 g.mm/mm
2
.h.Pa for triclosn/PLA 

specimens. All PLA composites samples with 0.5 %wt clay content showed a 

significant increase in oxygen barrier property as a result of the exfoliate dispersion. 

 

 

Keywords:  Antibacterial Agent/Biodegradation/Organoclay/Poly(Lactic Acid)/         

                    Wood polymer composite 
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บทคัดย่อ 

จุดประสงคข์องงานน้ีคือเพื่อท าการศึกษาสมบติัของพอลิแลคติกแอซิด และวสัดุเชิงประกอบระหวา่ง
ผงข้ีเล่ือยไมแ้ละพอลิแลกติกแอซิด ซ่ึงประกอบไปด้วยสมบติัเชิงกล เชิงความร้อน การยบัย ั้งเช้ือ
แบคทีเรีย การป้องกนัการซึมผา่น และประสิทธิภาพในการยอ่ยสลายทางชีวภาพ ในส่วนแรกของงาน
นั้นเป็นการเตรียม พอลิแลกติกแอซิด และวสัดุเชิงประกอบของผงข้ีเล่ือยไมแ้ละพอลิแลกติกแอซิด
โดยการผสมกบัสารยบัย ั้งเช่ือแบคทีเรีย 2 ชนิด คือ triclosan และ Zeomic  โดยใชเ้คร่ืองอดัรีดผสม
ชนิดเกลียวหนอนคู่ จากนั้นท าการศึกษาสมบติัเชิงกล เชิงความร้อน การยบัย ั้งเช่ือแบคทีเรีย และ
ประสิทธิภาพในการยอ่ยสลายทางชีวภาพ การผสมผงข้ีเล่ือยท าให้มอดูลสัของยงัมีค่าเพิ่มข้ึน ในขณะ
ท่ีสมบติัการตา้นทานแรงดึง การยดืตวั ณ จุดขาดและสมบติัการตา้นทานแรงกระแทกลดลงเพราะการ
เขา้กนัระหวา่งผงข้ีเล่ือยไมแ้ละพอลิแลกติกแอซิดท่ีไม่ดีนกั สมบติัเชิงกลของพอลิแลกติกแอซิดและ
วสัดุเชิงประกอบระหวา่งผงข้ีเล่ือยไมแ้ละพอลิแลกติกแอซิดท่ีผสม Zeomic มีค่าลดลง โดยเฉพาะ
อยา่งยิ่งเม่ือมีการผสมผงข้ีเล่ือยไม ้10 % โดยน ้ าหนกั ทั้งน้ีเน่ืองจากการเส่ือมสภาพของพอลิแลกติก
แอซิดอนัเน่ืองมาจากการเกิดปฏิกริยาไฮโดรไลซิสระหว่างพอลิแลกติกแอซิดกบัโมเลกุลของน ้ า
ภายในโครงสร้างของ Zeomic และโมเลกุลของน ้ าท่ีถูกดูดซึมไวโ้ดยผงข้ีเล่ือยไม ้อย่างไรก็ตาม
สมบติัเชิงกลของพอลิแลกติกแอซิดและวสัดุเชิงประกอบระหวา่งผงข้ีเล่ือยไมแ้ละพอลิแลกติกแอซิด
ท่ีผสม triclosanไม่ไดมี้การเปล่ียนแปลงท่ีชดัเจนนกั ขอ้มูลจาก DSC บ่งช้ีวา่ อุณหภูมิการเปล่ียน
สถานะคลา้ยแกว้ (Tg) ของพอลิแลกติกแอซิดคือ 63 องศาเซลเซียส ในขณะท่ีอุณหภูมิการเปล่ียน
สถานะคล้ายแก้วของวสัดุเชิงประกอบระหว่างผงข้ีเล่ือยไม้และพอลิแลกติกแอซิดท่ีมีค่าลดลง 
นอกจากน้ีพอลิแลกติกแอซิดแสดงพีคการสลายผลึกแบบสองพีก (double melting peak) เม่ือมีการ
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ผสมข้ีเล่ือยและ Zeomic ในระบบท่ีมีการผสม triclosan นั้นพบว่า E.coli และ S.aureus มีการ
เจริญเติบโต แต่การเจริญเติบโตของเช้ือแบคทีเรียลดลงเม่ือมีการเติมผงข้ีเล่ือย ท าให้เกิดเป็นข้อ
สรุปวา่ผงข้ีเล่ือยไมท้  าหน้าท่ีเป็น "ตวัส่งเสริมการยบัยงัการเจริญเติบโตของเช้ือแบคทีเรีย" เน่ืองจาก
ผงข้ีเล่ือยไมช่้วยให้ triclosan เคล่ือนท่ีออกจากผิวของพอลิแลกติกแอซิดเพื่อฆ่าเช้ือเบคทีเรียไดง่้าย
ข้ึน การเกิดอนัตกริยาระหว่างพอลิแลกติกแอซิด triclosan และผงข้ีเล่ือยนั้นสามารถตรวจสอบได้
โดยการวดัค่ามุมสัมผสัของน ้ า และ FTIR อยา่งไรก็ตาม Zeomic ไม่ไดแ้สดงสมบติัในการยบัย ั้งเช่ือ
แบคทีเรียภายใตภ้าวะท่ีทดสอบ การทดสอบการย่อยสลายทางชีวภาพของพอลิแลกติกแอซิด และ
วสัดุเชิงประกอบระหวา่งผงข้ีเล่ือยไมก้บัพอลิแลกติกแอซิดแสดงให้เห็นว่า เม่ือเวลาผา่นไป 60 วนั 
การยอ่ยสลายทางชีวภาพของวสัดุเชิงประกอบระหวา่งผงข้ีเล่ือยไมก้บัพอลิแลกติกแอซิดมีค่าสูงกว่า
ของพอลิแลกติกแอซิด ส าหรับพอลิแลกติกแอซิดและวสัดุเชิงประกอบระหวา่งผงข้ีเล่ือยไมแ้ละพอลิ
แลกติกแอซิดท่ีมีการผสม Zeomic นั้นพบว่าการย่อยสลายทางชีวภาพจะเกิดข้ึนอยา่งรวดเร็ว ซ่ึง
แสดงให้เห็นวา่ผงข้ีเล่ือยและ Zeomic สามารถท าหน้าท่ีเป็นตวัส่งเสริมการย่อยสลายทางชีวภาพ 
ในทางตรงกนัขา้ม triclosan สามารถประพฤติตวัเสมือนเป็นสารช่วยยบัย ั้งการยอ่ยสลายทางชีวภาพ
เน่ืองจากไม่พบการย่อยสลายของพอลิแลกติกแอซิดภายในช่วงเวลา 20 วนัแรกของการทดสอบ 
หลงัจากนั้นการยอ่ยสลายทางชีวภาพจึงเกิดข้ึนอยา่งรวดเร็ว  
 
ส าหรับงานในส่วนท่ี 2 พอลิแลกติกแอซิด triclosan ผงข้ีเล่ือยและ Cloisite

® 
30B จะถูกน ามาผสม

กนัดว้ยเคร่ืองอดัรีดผสมชนิดเกลียวหนอนคู่ งานในส่วนน้ีจะสนใจศึกษาสมบติัเชิงกล การยบัย ั้งเช้ือ
แบคทีเรีย สมบติัทางความร้อน และสมบติัการตา้นทานการซึมผ่านของพอลิแลกติกแอซิดวสัดุเชิง
ประกอบของพอลิแลกติกแอซิด ผลการทดลองพบวา่มีเพียงค่ามอดุลสัเท่านั้นท่ีมีค่าเพิ่มสูงข้ึน ในขณะ
ท่ีสมบติัอ่ืนๆมีค่าลดลงเม่ือผสมข้ีเล่ือย 10 % โดยน ้ าหนกั การเติม triclosan และ  Cloisite

®
 30B 

ไม่ส่งผลต่อสมบติัเชิงกลอย่างมีนยัส าคญั และเม่ือมีการผสมข้ีเล่ือยและ Cloisite
® 

30B จะท าให้
อุณหภูมิการสลายผลึกมี 2 ค่า และส่งผลให้มีปริมาณความเป็นผลึกของพอลิแลกติกแอซิดเพิ่มสูงข้ึน 
สมบัติการย ับย ั้ งเช้ือแบคทีเรียของวสัดุเชิงประกอบพอลิแลกติกแอซิดเพิ่มข้ึนเม่ือมีการผสม 
Cloisite

®
 30B เน่ืองจาก Cloisite

®
 30B มีหมู่ cationic bactericide quaternary ammonium อยู่

ภายในชั้นซิลิเกตซ่ึงมีความสามารถในการฆ่าเช้ือแบคทีเรีย การผสม triclosan ท าให้ค่าการซึมผา่น
ของน ้ า ลดลงอยา่งชดัเจนจาก 8.24 x 10

-11 เป็น 7.26 x 10
-11

 g mm/mm
2 h Pa วสัดุเชิงประกอบ

ทั้งหมดท่ีมีการผสม Cloisite
®
 30B ท่ีปริมาณ 0.5 % โดยน ้ าหนัก  เกิดการกระจายตวัแบบ 

exfoliation และท าใหค้่าการซึมผา่นของออกซิเจนลดลงอยา่งชดัเจน  
 
ค ำส ำคัญ:  การยอ่ยสลายทางชีวภาพ/พอลิแลกติกแอซิด/ออร์แกโนเคลย/์สารยบัย ั้งเช้ือแบคทีเรีย/วสัดุ-

เชิงประกอบของผงข้ีเล่ือยไมแ้ละพอลิเมอร์ 
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CHAPTER 1  INTRODUCTION 

 

1.1  Introduction 

 

Because of health and environmental concerns, many researchers have focused on the 

modification of antibacterial packaging made from different materials. Various 

thermoplastics have been used for these applications, e.g. poly(vinyl chloride), 

polyethylene, polypropylene, polyurethane and polystyrene [1, 2]. To produce active 

packaging, many techniques have been employed, such as melt-mixing of antimicrobial 

agents with polymers, applying a coating on polymer surfaces, and immobilizing 

polymers by covalent bond linkages [3]. After their service life, however, these types of 

non-biodegradable packaging become plastic garbage which ultimately is colonized by 

microorganisms. Thus, the use of a biodegradable polymer like poly(lactic acid) (PLA) 

has received much attention. Since PLA has sufficient strength, high modulus, and the 

ability to be fabricated, it has become one of the most popular biodegradable polymers 

for packaging applications [4]. 

 

Wood flour, a biodegradable reinforcing material, is one of the most widely used 

materials for producing wood–polymer composites (WPC) because it possesses several 

advantages, e.g. high modulus, low density, reduced material use, and low cost. 

Wood/PLA composites are of great interest because wood and PLA are not only 

environmentally friendly materials but they are also expected to degrade completely 

after disposal at the end of their service lives. However, the incompatibility between 

wood and PLA is a major problem that must be overcome, usually by means of 

chemical modification [5, 6].  
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Barrier property is one of important properties for food packaging because good barrier 

property can potentially extend food quality and shelf life [7]. PLA is an appropriate 

candidate for packaging end-use application and has limitations in gas barrier property 

which should be improved [8]. This drawback can be enhanced by general technique of 

copolymerization, blending and filling techniques. But, the filler incorporation, 

especially organoclay into the PLA matrix, has been the most attention because of cost-

saving and good barrier property [9]. These clay/polymer composites have strong 

barrier properties because the clay layers retard the diffusing molecule pathway due to 

tortuosity. Clays are essentially impermeable inorganic crystals, gas molecules have to 

permeate around the crystals instead of permeation in a straight line path which takes 

longer mean path and time for gas absorption though these clay/polymer composites 

[10]. Cloisite
®

 30B is an organo-modified montmorillonite having two hydroxyl groups, 

and the reaction between hydroxyl groups of Cloisite
®
 30B and PLA makes this clay 

more compatibility for producing PLA-clay composites [11]. Moreover, Cloisite
®
 30B 

could also reduce permeability of PLA [12] and also showed a bacteriostatic function 

against Listeria monocytogenes [13]. There are three main techniques that can be used 

for composites preparation, including in-situ polymerization, solution intercalation and 

melt intercalation. The melt intercalation is preferred for industrial applications because 

of the absence of solvent and compatibility with current processing techniques [14]. 

Three types of composites derived from interaction between clays and polymers are 

immiscible, intercalated, and exfoliated. These factors can be characterized by X-ray 

diffraction (XRD). 

 

Biodegradation properties of biomaterials have been becoming an interesting research. 

Many techniques have been employed to study the biological degradation behavior of 
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“green” biomaterials, including visual observation, weight loss measurement, and 

detection of changes in mechanical properties, CO2 evolution, and clear zone formation 

[15]. Among these, CO2 evolution is generally preferred because the results of the test 

are usually more accurate. Using this technique, PLA powders with sizes of 60 and 120 

mesh were found to be degraded by up to 91% after 35 days at 58 °C in controlled 

compost [16]. However, the degree of biodegradability of PLA loaded with 

antimicrobial agents remains unclear. In this work, it was assumed that PLA could lose 

some of its natural biodegradability after blending with antibacterial agents because the 

agents might also kill microorganisms that play a key role in the biodegradation 

process.  

 

Therefore, the first part of this study primarily focused on the effects of the 

incorporation of two different antibacterial agents on the antibacterial properties and 

biodegradability of PLA and wood/PLA composites. Triclosan and Zeomic were 

selected as representative organic and inorganic antibacterial agents, respectively. 

Antibacterial activity against S. aureus and E. coli was evaluated by plate count agar 

(PCA) method. CO2 evolution technique was used to determine the biodegradation 

performance of PLA and wood/PLA composites. Mechanical properties of PLA and 

wood/PLA composites were measured by a universal testing machine and an impact 

tester. Thermal properties were studied using differential scanning calorimetry (DSC) 

technique. The second part of this work concentrated on the effects of organoclay 

loading on barrier-mechanical and antibacterial properties of organoclay/PLA and 

organoclay/wood/PLA composites incorporated with triclosan prepared by melt 

blending. 

 



4 

 

 

1.2  Objectives 

 

1. To study the effect of wood flour and antibacterial agents loading on the 

mechanical, thermal, antibacterial properties and biodegradation performance 

of PLA and wood/PLA composites. 

2. To study the mechanical, thermal, antibacterial properties and barrier properties 

of PLA and PLA based composites by addition of organclay. 

 

1.3 Scope of work 

 

 Materials: 

- Polymer: Poly(lactic acid) 2002D, 2003D (NatureWorks, USA) was used in 

this work, having a specific gravity of 1.24 and a melt flow rate of 4 

- Wood flour: wood flour with an average particle size of 100–300 µm 

      Antibacterial agents: triclosan (2,4,4'-trichloro-2'-hydroxydiphenylether), 24      

      USP and silver-substituted zeolite (Zeomic) having a structural formula of    

      MX2/nO·Al2O3·YSiO2·ZH2O (where M is Ag, Na or other ions, and X, Y and  

      Z are the ratio of components, in mol) 

- Organoclay: Cloisite
® 

30B 

- Coupling agent: N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (KBM 

603) 
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Testing bacteria:  

- Staphylococcus aureus ATCC6538 (Gram positive)  

-  Escherichia coli ATCC25922 (Ggram negative)  

 

Experimental Variables: 

- Antibacterial agent : triclosan and Zeomic as organic and inorganic 

antibacterial agent 

- Antibacterial agents concentration: 0.0, 0.5, 1.0 and 1.5 %wt 

- Antibacterial test period (contact time): 0, 60, 120, 180, 240 minutes 

- Biodegradation test period: 60 days 

- Wood flour loading: 0, 5 and 10%wt 

- Organoclay content: 0, 0.5, 1.0, 2.0%wt 

 

Experiments and characterizations 

- Compounding and forming materials: Twin screw extruder and hot press. 

- Mechanical properties: Universal testing machine (ASTM D638-8) and 

notched Izod impact tester (ASTM D625-06a). 

- Antibacterial evaluation :Plate count agar method (ASTM E2149 (2001)) 

- Biodegradation test: Carbon dioxide measurement (ASTM D5338) 

- Water vapor permeability: Environmental chamber (ASTM E96-95) 

- Oxygen permeability: Oxygen permeation tester (ASTM D3985-5) 

- Wettability: Water contact angle 

- Thermal property: Differential scanning calorimetry (DSC) 

- Chemical interaction examination : Fourier transform infrared spectroscopy 

(FTIR) 
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CHAPTER 2  THEORIES AND LITERATURE REVIEW 

 

2.1  Biodegradable polymers 

 

The field of biopolymers is still in early stage but keeps growing in its popularity every 

day. Normally, biopolymers mean the polymers that are generated from renewable 

natural sources, be able to biodegradable but non-toxic. They can be produced by 

biological systems (i.e. microorganisms, plants and animals) or chemically synthesized 

from biological materials. Two strategies are applied in converting these raw materials 

into biodegradable polymers: extraction of the native polymer from plant or animal 

tissue and a chemical or biotechnological route of monomer polymerization. The 

classification of biodegradable polymers is usually depending upon their synthesis 

process.  

 

(i) polymers from biomass such as agro-polymers from agro-resources (e.g., 

starch or cellulose) 

(ii) polymers obtained by microbial production such as the 

polyhydroxyalkanoates (PHAs) 

(iii) polymers conventionally and chemically synthesized from monomers 

obtained from agro-resources e.g., the poly(lactic acid) (PLA) 

 

However, it is possible to classify biodegradable polymers into two main categories: the 

agro-polymers and the biodegradable polyesters or bio-polyesters as shown in Figure 

2.1. 

 

 



7 

 

 

 

 

Figure 2.1  Classification of the biodegradable polymers [17] 

 

 

2.2  Poly(lactic acid) (PLA) 

 

PLA is a biodegradable aliphatic polyester (its structure is shown in Figure 2.2) derived 

from renewable sources, such as, corn, potato and sugar. Lactic acid (2-hydroxy 

propionic acid) provided from the fermentation of renewable resources such corn, 

potato, cane molasses and beet is used as feedstock of PLA production. Lactic acid has 

D and L stereoisomers which results to the difference in crystallinity level of PLA in the 

final stage. 
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                              Figure 2.2  Chemical structure of PLA [18] 

 

Biomass is distilled for lactic acid production at the 90 to 99% purity. Currently, the 

majority of lactic acid production is depended on the fermentation method. The PLA 

molecular weight for economical production is greater than 100,000 Da. Commercial 

PLA can be produced by several techniques including azeotropic dehydrative 

condensation, direct condensation polymerization, and/or polymerization through 

lactide formation (Figure 2.3). However, direct polycondensation has been extensively 

used because of its disadvantage. The PLA from direct polycondensation has lower 

molecular weight because it is hard to remove water content completely from the highly 

viscous reaction mixture [13]. Either an organic solvent or a multifunctional branching 

agent (e.g. dipentaerythritol) is used to overcome this difficulty. But, using organic 

solvent is also difficult to remove it from the PLA end product.  
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Figure 2.3  PLA synthesis scheme [19] 

 

At present,  PLA is large availability on the market and its price is relatively low  [20, 

21],  PLA becomes one of the highest potential biodegradable polymer among bio-

polyesters, particularly for packaging and medical applications [19, 20]; nevertheless, 

PLA consumption is only around 200,000 tons/year and only 30 % of lactic acid is used 

for PLA production. Thus, this biopolymer presents a high potential for development. 

The properties of PLA are hugely dependent on the ratio and distribution of the two 

stereoisomers of LA within the polymer chains. PLA with high l-isomer content 

produces crystalline product, whereas high d-isomer (>15%) leads to an amorphous 

product [22]. Commercial PLLA products are semicrystalline polymers with a melting 

temperature of 180°C and glass transition temperature in the range 55-60°C. 
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The higher the crystalline region of the PLA, the better the properties of the PLA final 

products. The crystallinity level of the PLA usually depends upon many factors, such as 

molecular weight, thermal and processing history, and the temperature and time of 

annealing treatments. PDLA is completely amorphous which the mechanical properties 

are quite different. The mechanical and thermal properties of PLLA become almost 

constant when its MW is more than 70,000 Da  

 

 

2.3  Poly(lactic acid) based composites 

 

Wood/poly(lactic acid) composites 

 

Biodegradable reinforcing materials, such as, wood flour is extensively used for 

producing wood polymer composites (WPC) due to its several advantages, for example, 

reduce polymer matrix used, increased modulus, lower density and cost [23]. Wood 

flour (WF) is commonly used as filler for wood plastic composites (WPCs). The use of 

WF can reduce material costs and make the WPCs to be specific properties, such as, 

low density, high specific stiffness, and biodegradable. Especially, WPCs with 50 wt% 

wood have been used in the construction industry such as, fencing, roofing, automotive 

and window profile [24]. The wood/PLA composites do not only change the physical 

PLA to be more like wood, but are also expected to be more environmentally friendly 

and higher tendencies to biodegrade after their shelf life. The main chemical 

composition of wood is consisted of cellulose, hemicellulose and lignin. 
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- Cellulose 

Cellulose is the major chemical component of wood (40-45% of the wood dry weight). 

It composes of linear chains of D-glucose linked by ß-1, 4-glycosidic bonds     (Figure 

2.4) 

 

 

 

Figure 2.4  The chemical structure of cellulose [25] 

 

Cellulose is mostly linear structure which is a high crystalline structure but also has 

some amorphous region. Cellulose has the strong hydrogen bond because of the 

interaction of hydroxyl groups of intra- and inter-molecular structure (illustrated in 

Figure 2.5). Cellulose has a very limited accessibility to water and chemicals, therefore, 

chemical attack  can  be  expected  to  occur  primarily  on  amorphous  cellulose  and 

crystalline surface. 

 

 
 

 

Figure 2.5  Hydrogen bond of intra- and inter-molecular of cellulose [25] 



12 

 

- Hemicellulose  

Hemicellulose consists of pentose and hexose which degree of polymerization is lower 

than cellulose (only 50-300). Hemicellulose is more amorphous as compared to the 

cellulose because of its side groups on the main chain. Chemical structure of 

hemicelluloses is shown in Figure 2.6. 

 

 

 

Figure 2.6  The chemical structure of hemicelluloses [25] 

 

- Lignin  

Lignin is a disorder phenolic structure of Phenylpropane which functions like cement 

between the fibres.  Lignin improves stiffen of fibre and prevents cell wall to be 

degraded by enzymes. The chemical structure of lignin is illustrated in Figure 2.7 
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Figure 2.7  The chemical structure of Lignin [25] 

 

Even though the wood/PLA composites have many advantages but the poor interfacial 

adhesion between wood and PLA surface is the majority problem because of the 

difference between a polarity of wood flour and PLA. Cellulose has the strong hydrogen 

bonds which make the wood to be more hydrophilic structure and influence the 

wood/PLA composites to decrease in their mechanical property. The system without 

compatibilizer or coupling agents treatment shows the poor compatibility between the 

PLA matrix and wood. The surfaces of wood particles are believed to be delaminated 

from the PLA matrix, and micro-size voids are formed during tensile test. The use of 

silane (as coupling agent) treatment significantly improved the compatibility, leading to 

less filler-matrix debonding and this can be confirmed by tensile testing. 
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Figure 2.8  Tensile stress–strain curves of the PLA and WF/PLA composites [26] 

 

An example of tensile stress–strain curves of the PLA and wood/PLA composites at the 

presence of 0 and 0.5% silane are given in Figure 2.8. Only neat PLA exhibited necking 

and had undergone stress-whitening before facture. The more wood was added, the 

more plastic deformation for the wood/PLA composites which became a brittle fracture 

mode of the wood/PLA composites. On the other hand, silane treatment was found to 

improve tensile strength. This can be attributed to the better interfacial adhesion 

between the wood and PLA. As the modulus showed the significant increase with the 

addition of wood content of 20 and 40% but toughness decreased. The adding of wood 

flour content controlled the movement of the polymer chains by the way of increasing 

stiffness. This can be attributed to that the wood has a much higher modulus compared 

to the PLA. The tensile strength of the wood/PLA composites were found generally to 

be declining when compared with the neat PLA. The addition of wood flour enhanced 

the crystallinity of PLA as shown in Table 2.1  The crystallinity of PLA improved from 

13% to 38% and 44%, respectively for PLA-20% and PLA-40% wood (with no silane 

treatment) samples. Wood/PLA with silane treated could improve the percent of 
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crystallinity more than the un-treated. For instance, the crystallinity of treated PLA-

20%wood composites was 12% higher than that of PLA-20%wood composites without 

silane treatment. This can be concluded that the addition of wood content increased the 

crystallinity by acting as a nucleating agent, nevertheless a treatment with a coupling 

agent can enhance the crystallinity because of the improvement on the interfacial 

adhesion. 

 

Table 2.1  The relationship of wood content and percent crystallinity [27]  

 

Sample % Crystallinity 

Neat PLA 13 

PLA-20%WF 38 

PLA-20%WF-0.5%Silane 50 

PLA-40%WF 44 

PLA-40%WF-0.5%silane 51 

 

 

 

Organnoclay/poly(lactic acid) composites 

 

The world of nanotechnology is one of the most popular areas for present researches. 

Even in nanocomposites field, there is a diversity of research topics exist, for examples, 

composite reinforcement, barrier properties, flame resistance, electro-optical properties, 

cosmetic applications, bactericidal properties. Polymer/clay nanocomposites have 

emerged as outstanding material for food packing due to its several benefits, such as, 

enhanced mechanical, thermal and barrier properties. Usually, the polymer/layered 

silicate (PLS) nanocomposites preparation belong to the same general family of 2:1 

layered (Figure 2.9). The crystal structure consists of layers made up of two 

tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral sheet of 

either aluminum or magnesium hydroxide. The layer thickness is about 1 nm. Stacking 
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of the layers is cause of a regular van der Waals gap between the layers called the 

interlayer or gallery. The clay is known as Montmorillonite (MMT), the most 

commonly used layered silicates, consists of two fused silica tetrahedral sheets 

sandwiched with octahedral sheet of either aluminum or magnesium hydroxide. The 

negative charge is located on the surface of silicate layers of tetrahedrally substituted 

layered silicates, thus polymer matrices can react interaction more readily with these 

than with octahedrally-substituted material.  

 

 

 

Figure 2.9  Structure of 2:1silicate layers [28] 

 

Two characteristics of layered silicates those are generally considered for PLS 

nanocomposites consist of ability of the silicate particles to disperse into individual 

layers and the ability to adjust their surface chemistry through ion exchange reactions 

with organic and inorganic cations. These two characteristics are a cause of the degree 

of dispersion of layered silicates in a particular polymer matrix. But, normally MMT 

silicate surfaces are rather more hydrophilic than polymers. Thus, MMT must be 
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modified to be more compatible, which supports its dispersion in polymer matrix. 

Usually, cations exchange technique is selected to modify the compatibility of the clay 

and polymers by treating the clay with surfactants using primary, secondary, tertiary or 

quaternary alkylammonium or alkylphosphonium cations before MMT is being used 

[28].  

 

- Nanocomposite formation [28-30] 

There are various techniques to form nanocomposites, for examples, polymerization, 

solution, and latex methods. However, the melt processing is the most attractive 

because this is generally considered as more economical and flexible for the 

formulation. Complete exfoliation of the clay, i.e., separation of platelets from one 

another and dispersed individually in the polymer matrix, is the goal of the formation 

process. Normally, this exfoliation morphology is not achieved easily but only various 

degrees of dispersion are more common. Three conventional types of dispersion 

morphology are immiscible (conventional or microcomposite), intercalated, and 

miscible or exfoliated, respectively, The dispersion of clay can be examined by several 

techniques as shown in Figure 2.10 which  illustrated the relationship of transmission 

electron microscopic of TEM images and the expected wide angle X-ray scans for 

nanocomposite materials. For the case called „„immiscible”, this means no separation of 

clay platelets therefore, the wide angle X-ray of the polymer composite is expected to 

be the same as the obtained for the organoclay powder, i.e., no shifting of the X-ray d-

spacing. For exfoliation, no wide angle X-ray peak is expected for the nanocomposte 

because there is no regular spacing of the platelets in any case, the distance between 

platelets is larger than what wide angle X-ray scattering can detect. However, X-ray 

scans of polymer nanocomposites often show an organoclay peak but shifted to lower 
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2θ or larger d-spacing. The peak shift indicates that the gallery has expanded and it is 

usually assumed that polymer chains have entered or have been intercalated in the 

gallery. Placing polymer chains in such a specific space would involve significant 

entropy that have to be driven by an energetic attraction presumably between the 

polymer and the organoclay. 

 

 

 

Figure 2.10  Relationship of transmission electron microscopic of TEM images    

                     and theexpected wide angle X-ray scans for nanocomposite 

materials [29] 
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The intercalation is also suggested to be a beginner of exfoliation. For food packaging 

application, good barrier property is very important because good barrier property can 

extend food quality and shelf life. Normally, the incorporation of nanoclay fillers in the 

polymer is often used and expected to improve the barrier property of packaging.  The 

improvement of barrier property can be explained using the Figure 2.11.  

 

 

Figure 2.11  Schematic presentation of the formation of tortuous path in polymer/clay  

nanocomposite [29] 

 

The layered clay sheets are essentially impermeable inorganic crystals that obstacles  

the path of the diffusion process, gas molecules have to permeate around them instead 

of permeation of a straight line path which takes longer mean path for gas absorption 

through these nanocomposites. In a well exfoliated and dispersed state, individual clay 

platelets are believed to increase the barrier properties by creating a maze or „tortuous 

path‟. Even though the clay can improve barrier properties, clay was also found to be a 

hydrolytic accelerator for the PLA. Paul et al. [30] investigated hydrolytic degradation 

of polymer layered silicate nanocomposites (unmodified montmorillonite-NaC 

(Cloisite
®
NaC)) based on PLA matrix with organo-modified montmorillonites 

Cloisite
®
25A and Cloisite

®
30B in phosphate buffer solution (Figure 2.12). 
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Figure 2.12  Relationship of Molecular weight and hydrolysis time of  PLA and    

                     PLA/nano clay composites: (a) PLA; (b) PLA/ Cloisite
®
25A; (c) PLA/ 

Cloisite
®
30B; (d) PLA/Cloisite

®
NaC [30] 

 

The study found that hydrolysis degradation of clay/PLA composites occurred quicker 

than that of pure PLA, the highest degradation was found to occur with naturaly 

unmodified montmorillonite -Na
+
 blended PLA. This indicated that the hydrophilic clay 

initiated water molecules to penetrate into the PLA matrix and initiated the hydrolytic 

degradation. 
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2.4  Biodegradation 

 

In general, the term of “biodegradable plastics” mentions the attack of microorganisms 

on non-water soluble polymer based. This indicates that biodegradation of plastics is 

usually a heterogeneous process. At the initial state, microorganisms cannot digest and 

transport the polymeric material into the cells directly because polymer is non-water 

solubility and the molecular weight is too high. Thus biochemical processes take place 

as follow; microorganisms excrete extracellular enzymes to depolymerize the polymers 

outside the cells (Figure 2.13). 

 

 

 

Figure 2.13  General mechanism of plastics biodegradation [31] 

 

If the molar mass of the polymers is reduced enough to dissolve in water, these can be 

transported into the microorganism cell from which metabolism process starts. Then, 

water and carbon dioxide are created as a result of the metabolic process end-products. 

The extracellular enzymes cannot penetrate deeply into the polymer material because its 

size is too large, and the action occurs only at the polymer surface. This is considered as 
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a surface erosion process. The initial process of biodegradation, non-biotic chemical 

and physical processes can also occur on the polymer in parallel or as a first stage solely 

on the polymer. These non-biotic effects such as hydrolysis reaction, thermal 

degradation, and oxidation or scission of the polymer chains by irradiation induce in the 

biodegradation process. All mechanisms could also be referred to environmental 

degradation because of the coexistence of biotic and non-biotic processes. Not only 

environmental factors like humidity, temperature, the presence or absence of oxygen 

influences the polymer to be degraded but also the microbial population and the activity 

of the microorganism affect the biodegradation process. Thus these conditions must be 

considered before the biodegradability is tested [31]. 

 

- Biodegradation of poly(lactic acid) 

The degradation of polymers generally occurs with the main chain scission of polymers. 

The chemical or biological are involved in the biodegradation of polyester. There are 

many factors which take the effect on biodegradation of PLA, such as, primary 

chemical structure (presence of functional groups), factors associated to surface 

conditions (surface area, hydrophilic, and hydrophobic properties) and degree of 

crystallinity [32]. But a major rate-determining factor for biodegradation of solid 

polymers is degree of crystallinity [33]. Usually, chain scission of PLA main chain 

occurs at the ester bonds, bringing to the oligomers formation.  Therefore, a number of 

ester bonds of the PLA main chains are related to total amount of oligomers after chain 

scission. Biodegradation of PLA occurs in two different ways, enzymatic degradation, 

and non-enzymatic degradation, which includes chemical methods such as pH 

degradation. The principle mode of degradation of PLA is hydrolysis which takes place 

within three important steps[22].   
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1. Water diffuses into PLA material, then initiates random hydrolysis (coexist with 

surface erosion process). 

2. PLA is fragmented to oligo-lactic acid 

3. Finally, through a more extensive hydrolysis accompanied by phagocytosis, 

diffusion and metabolism. 

 

Figure 2.14 illustrates the hydrolysis mechanism of PLA, starting by the absorbed water 

molecules attack at ester linkages, therefore, the PLA chain is cleaved into smaller 

molecular size and its molecular weight. The hydrolysis reaction depends on the size, 

crystallinity, hydrophilicity of polymer in addition to the involvement of environmental 

factors, such as,  pH, temperature and humidity. 

 

 

 

Figure 2.14  Mechanism of hydrolysis reaction of poly(lactic acid) [22] 
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Similar to the other bio-materials, biodegradation of PLA occurs via the non-biotic 

chemical degradation at the first step. These non-biotic chemical processes begin to 

induce the PLA to be degraded by hydrolysis. Besides the attack of water molecules, the 

enzymatic and non-enzymatic degradations are the two significant factors for the 

biodegradation of PLA that have to be considered. 

 

- Enzymatic degradation  

Enzymes play an important role for the degradation of bio-polymers. The degradation 

of aliphatic polyesters by enzyme, normally, has two steps. The first step is the adhesion 

of the enzyme onto the polymer surface then, hydrolysis occurs at the ester bond. PHB 

depolymerases and lipases are the most extensively studied enzymes. However, only a 

few information on L-PLA degrading enzymes such as proteinase K, lipase and 

polyester polyurethane-degrading enzymes have been reported until now [34]. The 

structures of extracellular PHB depolymerases are comprised of three important regions 

including catalytic region, substrate binding and a linker region. The function substrate 

binding is to bind the enzyme with the material surface. Catalytic domain is the active 

region which interacts with material. Linker region is used to combine the catalytic 

domain and substrate binding. The model of enzymatic polyester depolymerase is 

shown in Figure 2.15.  

 

 

Figure 2.15  The model of enzymatic polyester depolymerase [35] 
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Enzymatic degradation process occurs only at the surface of substance, because 

enzymes cannot penetrate into the solid polymer substrate. Amorphous region is 

degraded before crystalline region because this region is loosely linked and easier than 

the crystalline region that needs enzyme to be diffused.  Eventually, the crystalline 

region will be finally degraded. An example of enzymatic degradation is the use of 

three amino acid residues which consists of aspartate, histidine and serine as a common 

feature of hydrolases as shown in Figure 2.16. The mechanism starts by interaction of 

aspartate with the histidine ring to form a hydrogen bond. The ring of histidine interacts 

with hydrogen atom of serine. The deprotonating serine generates a highly nucleophilic 

alkoxide group and then attacks the ester bond of polymer. At last, water attacks at the 

acyl-enzyme bond to produce a carboxyl end group and the free enzyme. 

 

 

 

 

 

 

 

Figure 2.16  Mechanism of Enzymatic degradation [36]  
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- Non enzymatic degradation  

One of a simple example of non-enzymatic degradation is a change of pH condition. 

Basic and acidic conditions are causes of hydrolysis reaction of polyester influence on 

losing its molecular weight. Tsuji and Ikarashi [37] revealed that hydronium and 

hydroxide ions took an effect on the hydrolysis of PLLA (Figure 2.17) that number- 

average molecular weights (Mn) of PLA in various pH solution were changed. For 

example, the Mn of PLA immersed in the solutions, having pHs of 0.9 (5 days), 0.2 (40 

days), 7.4 (64 days), 11.7 (18 days) and 12.8 (2 days) were reduced to 46.6, 59.1, 89.5, 

77.9, and 49.3%, respectively. 

 

 

 

Figure 2.17  Effect of pH against hydrolysis reaction on poly(lactic acid) [37]  

 

 

However, the degradation mechanisms of PLA in alkaline and acidic media are still 

unclear. De Jong et al.[38] proposed the possible mechanism of hydrolysis reaction for 

acidic and basic cases. In alkaline medium (Figure 2.18A), the degradation was 

described by intramolecular transesterification. The hydroxyl end group is attacked by 

M
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nuclephilic and the carbonyl group is formed to give a six-membered ring as 

intermediate. Because base interacts with hydroxyl end group, the nucleophilicity of 

oxygen atom increases by the cleavage of lactide molecule. Finally, free lactide is 

hydrolysed into two molecules of lactic acid. For the acidic condition (Figure 2.18 B), 

the degradation starts by the attack of hydrogen ion at the hydroxyl end group and 

intramolecular hydrogen bridge occurs. Intramolecular hydrogen bridge increases the 

electrophilicity of the carbonyl group. When water molecule attack at the carbonyl 

group, lactic acid splits off, thus the degree of polymerization of the PLA decreases. 
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Figure 2.18  Possible mechanism of hydrolysis:  (A) alkaline environment; (B) acidic 

environment [38] 

 

 

 

 

 

 

(A) 

(B) 
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2.5  Standard test methods for biodegradation of biopolymers 

 

Standard test method for biodegradable polymers is used for two purposes: (i) separates 

biodegradable out of non-biodegradable polymers; (ii) determine how much the 

materials have been degraded during the test period.  There are several techniques for 

measuring the biodegradation performance of biopolymers, including visual 

observation, weight loss measurement, changing in mechanical properties or molar 

mass and CO2 detection [15]. Each technique has different accuracy depends on how 

significant is need in the work. 

 

- Visual observations  

The visible changes is a rough technique used to observe physical changes of plastic by 

observation of roughening on the surface, formation of holes or cracks, de-

fragmentation, changes in color, or formation of bio-films on the surface. These 

transformations cannot prove the presence of biodegradation in terms of metabolism, 

but the parameter of visual changes can indicate the attack of microorganism by 

accompany with scanning electron microscopy (SEM). However, after the beginning of 

degradation, crystalline spherulites are always observed on the surface [14]. 

 

- Weight loss measurements  

The weight loss of tested specimens is widely applied in degradation tests even though; 

it cannot prove the biodegradation. On the other hand, If the tested samples are not 

clean very well, the weight can be gained instead of loss [14]. 
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- Changes in mechanical properties and molar mass  

The minor changes of the tested specimens in many cases cannot be observed, the 

change in mechanical properties is often measured. Tensile strength is very sensitive 

with the chang in the molar mass of polymers, which is also indicated as an evidence of 

degradation. For abiotic degradation process, the mechanical properties may change 

significantly, though almost no loss of mass due to that solubilization of degradation 

intermediates occur at this stage. Thus, the measurement of changes in mechanical 

properties and molar mass is often used for materials that the abiotic processes occur at 

the first degradation step [14]. 

 

- CO2 evolution 

Under aerobic conditions, microorganism uses oxygen in the oxidation reaction and 

produces carbon dioxide as one of the metabolic end products. Thus, oxygen 

consumption or carbon dioxide formation is a good indicator for polymer degradation. 

This technique is the most popular method used for measuring the biodegradation and 

the accuracy of the test is usually good.  A schematic diagram of carbon dioxide 

evolution measuring system is shown in Figure 2.19. 
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Figure 2.19 Schematic diagram of carbon dioxide evolution measuring system [39]  

 

 

The concept of this method is trapping CO2 that occurs during the biodegradation 

process using Ba(OH)2 solution and follows by the titration with HCl solution to 

determine total amount of Ba(OH)2 remaining in the solution. The chemical reactions 

and equation of biodegradation percentage are given below [15, 39, 40]. 

 

                                      Ba (OH) 2 + CO2            BaCO3 + H2O (2.1) 

 

The BaCO3 formed is insoluble and precipitates. Determines the amount of Ba(OH)2 

remaining in solution by end-point titration with HCl using phenolpthalein as an 

indicator according to the following equation: 

 

 (2.2) 

 

 

Then, the number of mmol of CO2 produced is calculated using equation given below 

 

                                 mmoles of CO2 = mmoles of Ba(OH)2 at start –  (2.3) 

Ba (OH) 2 + 2HCl               BaCl2 + 2H2O 

mmoles HCl 

 

2 
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Calculate the percentage of biodegradation by dividing the average net gaseous-carbon 

production of the tested compound by the original average amount of carbon in the 

tested compound and multiplying by 100: 

 

   100
)()(

2

22 



ThCO

COCO
D BT

t      (2.4) 

 

where (CO2)T  = the amount of CO2 trapped in the second and third Ba(OH)2  

    solution flasks occurred from the reactor bottle with test specimens   

    (mg) 

           (CO2)B = the amount of CO2 trapped in the second and third Ba(OH)2  

      solution flasks occurred from the reactor bottle without test         

                         specimens (mg) 

              ThCO2 = the theoretical amount of CO2 from a specific specimen (mg) 
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2.6  Bacteria and biochemical target for drugs action  

 

2.6.1  Bacterial cell structure  

 

The bacteria are known as prokaryote microorganisms. Usually, bacteria are divided 

into gram positive and negative bacteria. Bacteria are typically a few micrometers in 

length, have a wide range of shapes, such as, coccus (spherical), bacillus (rod-like), 

spirillum (spiral) and filament. Bacteria are found in every habitat on Earth, growing in 

soil, water, and deep in the Earth's crust. Bacterial cell structure can be divided into 3 

parts, external structure, cell wall, cell membrane and internal structure. Bacterial cell 

structure is illustrated in Figure 2.20. 

 

 

 

Figure 2.20  Bacterial cell structure [41] 
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External structure 

 

 -  Capsules: Many bacteria secrete extracellular polymers outside their cell 

walls. These polymers are usually composed of polysaccharides and sometimes 

proteins. It helps bacteria from being killed by phagocytes; adhere to the surface and 

able to patient from the drought. 

 -  Flagella: Flagella are responsible for the motility of pathogenic bacteria and 

can play a role in the production of disease. 

 -  Pili: Bacterial pili are used in the exchange of genetic materials during 

bacterial conjugation, and short pilus called a fimbrium is used as a cell adhesion 

mechanism. 

 

Cell wall & Cell membrane  

 

 -  Cell wall: Cell wall is composed of one or more layers of a peptidoglycan. A 

peptidoglycan is a combination of peptides and sugar. It is located outside the cell 

membrane and provides these cells with structural support and protection, and also acts 

as a filter. A major function of the cell wall is to act as a pressure vessel, preventing 

over-expansion when water enters the cell.  

 -  Cell membrane: The cell membrane or plasma membrane is one biological 

membrane separating the interior of a cell from the outside environment. The cell 

membrane surrounds all cells and it is a selectively permeable membrane, controlling 

the movement of substances in and out of cells. It contains a wide variety of biological 

molecules, primarily proteins and lipids. 
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Figure 2.21  Comparison of cell wall of Gram positive and Gram negative bacteria [42]  

 

Bacterial can be divided into two groups, gram positive and negative bacteria. The 

structure of cell wall and cell membrane of these two kinds are different. Figure 2.21 

shows the comparison of cell wall of gram positive and gram negative bacteria. Gram 

positive bacteria have continuous 20 to 80 nm cell wall thick. The major part composes 

of peptidoglycan. In contrast, the peptidoglycan layers in Gram negative bacteria are 

thin (about 5 to 10 nm thick) but there is the outer membrane structure outside the 

peptidoglycan layers. The outer membrane of the gram-negative cell wall appears as a 

lipid bilayers composing of phospholipids, lipoproteins, lipopolysaccharides (LPS), and 

proteins. Phospholipids are located mainly in the inner layer of the outer membrane and 

lipoproteins that connect to outer membrane. The lipopolysaccharides are located in the 

outer layer of the outer membrane. 
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Internal structure 

 

 -  Ribosomes: Ribosomes are the components of cells that make proteins from 

amino acids. Ribosomes read the information in this RNA and use it to create proteins. 

This process is known as translation (genetics), i.e. the ribosome "translates" the genetic 

information from RNA into proteins. 

 -  Cytoplasm: Cytoplasm is the part of a cell that is enclosed within the cell 

membrane, surrounding the cytoplasmic organelles. It is a jelly-like material that is 

eighty percent water and usually clear in color. The cytoplasm is the site where most 

cellular activities occur, such as many metabolic pathways and processes such as cell 

division 

 -  Nucleoid: The nucleoid is an irregularly-shaped region within the cell which 

has no nuclear membrane and where the genetic material is localized (60%DNA, 

30%RNA and 10%protein). 

-  Plasmids: Plasmids are molecules of DNA that are found in bacteria, 

separated from the bacterial chromosome. They are small and circular, usually carry 

only one or a few genes and have a single origin of replication. Plasmids are replicated 

by the same machinery that replicates the bacterial chromosome. Some plasmids are 

copied at about the same rate as the chromosome. Genes on plasmids with high 

numbers of copies are usually expressed at high levels. In nature, these genes often 

encode proteins (e.g., enzymes) that protect the bacterium from one or more antibiotics. 

Plasmids enter the bacterial cell with relative ease. This occurs in nature and may 

account for the rapid spread of antibiotic resistance in hospitals and elsewhere. 
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2.6.2 Biochemical target for drugs action [43] 

 

Drugs act by specifically interfering with cellular or biochemical processes, often called 

'targets' as shown in Figure 2.22. The classic example of a drug target is an enzyme in 

bacteria which is inhibited by the drug. Effective drugs will exhibit a selective toxicity 

for the pathogen as compared to the host. Many factors contribute to this selective 

toxicity and these factors are not mutually exclusive. Rational drug design seeks to 

exploit these various factors to develop drugs which are highly toxic to the pathogen 

and at the same time exhibit minimal toxicity to the host.  

 

 

 

Figure 2.22  Targets for drug action [43] 

 

 Enzyme: Enzymes play a major part role for all cells. The mobilization and 

transfer of energy, the transport of many substances into and out of the cells are under 

controlled and all processes are ultimately depended on enzymes. Every enzyme is 

protein and its action involves the formation of highly specific complex between the 

substrate and the enzyme protein. Complex formation arises by multiple points binding 

with weak bonds between the substrate and a small but highly organized part of the 
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protein, and such a complex formation leads to a chemical change in substrate or release 

of products. Enzyme molecules are usually two or three order of magnitude larger than 

their substrates, and two or three amino acids might suffice to form a binding site. 

Enzymes are obvious target for drug action and many attempts have been made to 

attack them. These would seem to be a number of possibilities, i.e. 

 

- Direct action at the substrate binding side. 

- Direct action at the cofactor binding side. 

- Modification of the substrate (or cofactor) binding by false operation of the 

  specific system that regulates enzyme/substrate interaction. 

- Disorganization of the active centre by non-specific action elsewhere in the  

  Enzyme 

 

 DNA: DNA is a nucleic acid that contains the genetic instructions used in the 

development and functioning of all known living organisms. The main role of DNA 

molecules is the long-term storage of information. The information held in the DNA is 

first transcribed into messenger RNA which becomes attached to ribosome and is then 

translated into a specific sequence of amino acids peptide-bonded by the action of 

ribosome. Each of the processes of replication, transcription and translation involves, at 

least, an enzyme or enzymes and a macromolecule whose composition and 

conformation are essential to the transfer of information. These specific 

macromolecules offer further targets for drug action since alteration of their 

conformation, masking of their active groups and occlusion of their surfaces or 

stabilization of otherwise flexible section may well stop the accomplishment of their 

function. 
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 Ribosome: Ribosomes are the workhorses of protein biosynthesis, the process 

of translating mRNA into protein. The ribosome itself is a complex of proteins and 

RNA. The translation process involves several enzymes and several binding side of 

unknown composition; there would appear to be many possibilities for drug action here. 

Selective interference is certainly possible: prokaryotic and eukaryotic ribosome differ 

in sedimentation coefficient, protein content, and in their ability to bind antibiotic such 

as chloramphenicol, cycloheximide, and streptomycin. The ribosome presents a fertile 

field for further investigation and also a site for differentiation of species by drug- 

action. 

 

 Cell membrane: The cytoplasmic membrane of the bacteria cell plays a dual 

role: it forms an osmotic barrier to free diffusion of small molecule, and controls the 

internal concentration of metabolite by specific transport mechanisms. The membrane 

totally encloses the cytoplasm. If the layers external to the cytoplasmic membrane are 

removed, as for example by antimicrobial lysozome, the membrane is exposed and, 

unless precautions are taken to balance the osmotic pressure of the cell contents, the 

membrane raptures and the cell lyses. 

 

 Cell wall: The bacterial cell wall is a complex structure composed of a range of 

macromolecules. The cell wall polymers function as an envelope to protect the 

protoplast surrounded by its delicate cytoplasmic membrane, recognition and transport 

of certain substances and cell-cell recognition and interaction. Bacterial cell wall 

contains peptidoglycan strands. The peptidoglycan component plays a central dominant 

role in maintaining the integrity of the wall and shape of the cell and is found in all 
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groups of bacteria. Drug impairs the function or the synthesis of cell wall which is one 

example of drug action. Some other drug action are: 

 - Inhibitors of synthesis of peptidoglycan. 

 - Inhibitors of cross linking of peptidoglycan strands. 

 

2.6.3 Mechanism of selected antibacterial action 

 

Many types of antibacterial agents that exist may have the same target or not depending 

on the mechanism of each individual action. This thesis proposes mechanisms of three 

antibacterial agents, namely Nisin, triclosan, and silver nanoparticles. 

 

Nisin  

 

Nisin is a polycyclic antibacterial peptide with 34 amino acid residues which is used as 

a food preservative. The molecular structure of Nisin is given in Figure 2.23. Nisin is 

produced by fermentation with the bacterium Lactococcus lactis. Commercially, Nisin 

is obtained from the culturing of Lactoccus lactis on natural substrates, such as milk or 

dextrose, thus it is not chemically synthesized. It is used in processed cheese, meats, 

beverages, etc. during production to extend the product shelf life by suppressing Gram-

positive spoilage and pathogenic bacteria. While most bacteriocins generally inhibit 

only closely related species, Nisin is a rare example of a "broad-spectrum" bacteriocin 

effective against many Gram-positive organisms. Nisin is soluble in water and can be 

effective at levels nearing the parts per billion ranges. In foods, it is common to use 

Nisin at levels ranging from ~1-25ppm, depending on the food type and regulatory 
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approval. Due to its naturally selective spectrum of activity [47], Nisin has been used 

with PLA under the expectation to be an alternative for antibacterial packaging. 

 

 

Figure 2.23  Molecular structure of Nisin [44] 

 

 Mechanism of Nisin action  

The general mechanism of action of cationic biocides Nisin is described as shown in 

Figure 2.24. Initially, cationic biocides must cross the cell wall; therefore, this 

compound is targeted at the cytoplasmic membrane. The outer most surface of the 

cytoplasmic membrane carries a net negative charge, often stabilized by the presence of 

divalent cations such as Mg2+ and Ca2+. Cationic biocides display a high binding affinity 

for the cytoplasmic membrane. Then, the hydrophobic region of the agent penetrates 

into the hydrophobic core of the membrane. This leads to a progressive leakage of 

cytoplasmatic materials to the environment, disturbing membrane-located physiologies 

such as respiration, solute transport and cell wall biosynthesis. These effects are 
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sufficient to affect the cell growth (i.e. bacteriostatic effect) or even, to cause the cell 

die (i.e. bactericide effect) [45]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.24  Mechanism of action for cationic biocides [46] 

 

Triclosan 

 

Triclosan (2,4,4´-trichloro-2´-hydroxydiphenyl ether) is a synthetic, broad-spectrum 

antimicrobial agent that has been used extensively in a variety of consumer products 

including toothpaste, mouthwash, deodorants, soaps, textiles (e.g., socks, underwear), 

toys, liquid dishwashing soap, and plastic kitchen ware [47]. The molecular structure of 

triclosan is shown in Figure 2.25. Triclosan has a board spectrum against gram positive 

and negative bacteria. Triclosan has been used with polymeric material and being used 

as active packaging under a trade name of Microban [48]. 
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Figure 2.25  Molecular structure of triclosan [49] 

 

 Mechanism of triclosan action 

The target of triclosan is mainly inhibition of fatty acid synthesis. Triclosan inhibits 

bacterial fatty acid synthesis at the enoyl-acyl carrier protein reductase (FabI) step. 

Figure 2.26 depicts the structure of FabI-NAD1-Triclosan complexes. The 

hydroxychlorophenyl ring is close to the nicotinamide ring of the NAD1with the 

interplanar distance of 3.4 Å and contacts Tyr-146 and Tyr-156 on the protein. The 

hydroxyl group of the ligand forms hydrogen bonds with phenol of Tyr-156 and with 

the 2-hydroxyl of the NAD1. The 4-chloro substituent of triclosan accepts hydrogen at 

Ala-95. The formation of FabINAD1- triclosan complex is a stable complex, with the 

triclosan binding at the enoyl substrate site. This complex is unable to participate in 

fatty acid synthesis from fatty acids are necessary for reproducing and building cell 

membranes.[50] 
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Figure 2.26  Structure of FabI-NAD1-triclosan complexes [50] 

 

Silver nanoparticles 

 

Silver nanoparticles are one of the most commonly utilized nanomaterials due to their 

anti-microbial properties, high electrical conductivity, and unique optical properties. 

Silver in different forms has been widely used in medicine for curing disease and help 

promote wound healing since early times. A common form of silver that is used to treat 

infections is silver nitrate. Silver nanoparticles have proved to be most effective as it 

has good antimicrobial efficacy against bacteria, viruses and other eukaryotic micro-

organisms. Silver nanoparticles had been used with biodegradable polymer for 

packaging and medical applications like tissue engineer. 

 

 Mechanism of silver nanoparticles action 

The mechanism of the growth-inhibitory effects of silver nanoparticles on 

microorganisms has not been well understood. One possibility is that the growth 

inhibition may be related to the formation of free radicals from the surface of silver. 

Uncontrolled generation of free radicals can attack membrane lipids and then lead to a 
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breakdown of membrane function [51]. Sondi  [52] demonstrated by TEM micrographs 

(Figure 2.27) that the treated E. coli cells with silver nanoparticles were damaged, 

showing formation of “pits” in the cell wall of the bacteria, while the silver 

nanoparticles were found to accumulate in the bacterial membrane. A membrane with 

such a morphology exhibits a significant increase in permeability, resulting in the death 

of the cell. 

 

         

 

Figure 2.27 Transmission electron micrograph of E. coli cell treated with silver 

nanoparticles: (a) in liquid LB medium; (b) enlarged view of the 

membrane of this cell [52] 

 

Yamanaka et al. [53] provided the mechanism of silver ions from which the silver ions 

were found to penetrate through ion channels without causing damage to the cell 

membranes; it denatured the ribosome and suppressed the expression of enzymes and 

proteins essential to ATP production. These processes imposed an effect on the 

membrane structures and resulted in the cell disruption. 
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2.7  Active polymeric materials 

 

Active polymeric materials have been becoming more attractive because human being 

are more health conscious. In food packaging application, active packaging is not only 

to prevent human from the microbial attack but also to extend the quality and shelves 

life of the products. To produce active packaging, many techniques have been employed 

including [54] (1) using sachets or pads containing volatile antimicrobial agents into 

material packages; (2) directly incorporation of volatile and non-volatile antimicrobial 

agents into polymeric material; (3) inherently coating or absorption of antimicrobial 

agents on the polymer surfaces and; (4) immobilization of antimicrobial agent to 

polymers by ionic or covalent linkages  

 

2.7.1  Using sachets or pads containing volatile antimicrobial agents into    

          material packages 

 

Ethanol vapor generator is achieved in commercial application. It consists of ethanol 

encapsulated in carrier materials and enclosed in polymer packets. The ethanol 

permeates the selective barrier and released into the headspace within the package. 

These systems have been used to extend the mold-free shelf-life of various bakery and 

dried fish products [54, 55]. 
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2.7.2  Antimicrobial agents incorporated into polymer directly 

 

The direct incorporation of antimicrobial agent additives in plastic films is a convenient 

means by which antimicrobial agent activities can be achieved. Many antimicrobial 

agents are incorporated at 0.1-5% w/w of the packaging material, especially films. 

Thermal polymer processing methods, such as, extrusion and injection molding can be 

used with thermally stable antimicrobial agents. Silver substituted zeolite (Ag-zeolite), 

for instance, can resist very high temperatures and hence have been incorporated as a 

thin co-extruded layer with other polymers.  Antimicrobial packaging materials must 

contact the food surface if they are non-volatile, so the antimicrobial agent can diffuse 

to the surface as shown in Figure 2.28 [55]. To achieve optimal controlled release to the 

food surface, the use of multilayer films has been considered. The inner layer controls 

the rate of diffusion of the active substance while the matrix layer contains the active 

agent and the barrier layer prevents migration of the agent towards the outside of the 

package [54, 55]. 

 

 

 

Figure 2.28  Antimicrobial agent incorporated for a packaging system [55] 
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2.7.3  Coating or adsorbing antimicrobial agents to polymer surface 

 

In early developments in antimicrobial packaging, fungicides were incorporated into 

waxes to coat fruits, vegetables and cheeses. The fungicides (benomyl, imazalil, 

thiabendazole (TBZ) and iprodione) have been investigated for their efficacy as surface 

inhibitors of the molds. Antimicrobials are also used for coatings purpose to retard the 

growth of yeasts, molds and bacteria during storage and distribution. Organic acids and 

organic acid salts are common antimicrobial agents which are used for coating. 

However, some antimicrobial agents are too sensitive to the temperatures used for 

plastic film processing. An example of film coating is Nisin/cellulose ethers coated 

polyethylene (PE) film. Cellulose ethers are used as carriers for coating. This coated 

film was found to be effective in suppressing Staphylococcus aureus and Listeria 

monocytogenes [54, 55]. 

 

 

 

Figure 2.29  Antimicrobial agent coated for a packaging system [55]  

 

Figure 2.29 shows how an antimicrobial agent could be released from a film which has 

the antimicrobial agent coated at the polymer surface. An adsorption of antimicrobial 
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agents on plastic films is an alternative to coating technique in order to facilitate heat-

sensitive antimicrobial agents for film incorporation.  

 

2.7.4  Immobilized antimicrobial agents to polymers by inorganic or                       

          covalent linkages 

 

Besides diffusion and sorption, some active polymer systems utilize covalently or 

ionically immobilized active substances that suppress microbial growth. Thus, this 

immobilization requires the presence of functional groups on both the antimicrobial 

agents and the polymer. Instances of antimicrobial agents with functional groups are 

peptides, enzymes, polyamines and organic acids. Figure 2.30 shows the characteristic 

of antimicrobial immobilized packaging system. Besides the functional groups of 

antimicrobial agents and polymer supports, immobilization may need „spacer‟ 

molecules that bind the polymer surface to the bioactive antimicrobial agent.  

 

 

 

Figure 2.30  Antimicrobial agent immobilized for a packaging system [55] 

 

These spacers allow sufficient motion freedom that the active antimicrobial site can 

contact microorganisms on the food surface.  Spacers that could potentially be applied 
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for antimicrobial food packaging consist of polyethyleneglycol(PEG), ethylenediamine, 

polyethyleneimine and dextrans [54, 55]. 

 

2.7.5  Inherently antimicrobials polymer 

 

Certain polymers are inherently antimicrobial activities which are usually used in film 

coating applications. Cationic polymers, for example, poly-L-lysine and chitosan, 

promote cell adhesion, causing leakage of intracellular constituents of microorganisms 

because amines could interact with negative charges on the cell membrane. 

Additionally, cationic polymer chitosan can be used together with other antimicrobials, 

such as, organic acids and plant extract to maximize the inhibition effect on the growth 

of microorganisms [54, 55]. 

 

2.8 Standard test methods for evaluation active of materials            

effectiveness  

 

2.8.1  Inhibition zone test (Agar diffusion) 

 

Agar diffusion is the molecules movement through the matrix which is formed by the 

gelling of agar under controlled conditions. The degree of the removed molecules can 

be related to the concentration of the molecule. This phenomenon forms the basis of the 

agar diffusion assay that is used to determine the susceptibility or resistance of a 

bacterial strain to an antibacterial agent. To determine the antibacterial efficacy of and 

active material, active material is placed on a solid agar medium containing the test 

microorganism. The agar plates are incubated until growth is visible. A clear zone 
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surrounding the material (Figure 2.31) indicates antimicrobial diffusion from the film 

and subsequent growth inhibition. A Lack of growth under a film may indicate 

inhibition, but appropriate controls must be included, this may be due to simple 

restriction to oxygen. The agar plate test method simulates wrapping of foods and may 

suggest what can happen when film contact contaminated surfaces and the antimicrobial 

agent migrates from the film to the food. The method can be quantitative if the diameter 

of the clear zones around the films is measured. Inhibition zone radius can be calculated 

by using equation below [54, 56, 57]. 

 

                                                                                 2

AB
C

DD
R




        

 

where  DA  = diameter of the tested specimen (mm) 

  DB   = summation of the tested specimen and clear zone diameter (mm) 

  Rc    = radius of the inhibition zone (mm) 

 

 

 

Figure 2.31  A model of inhibition zone [56] 

 

 

(2.5) 



52 

 

2.8.2  Minimal inhibitory concentrations (MIC) 

 

MIC is described as the lowest concentration of an antimicrobial activity that prevents 

the visible growth of a microorganism after a prolonged incubation and also can 

indicate the antimicrobial strength of the polymer that allows the comparison of the 

polymer‟s antimicrobial activity to that of the antimicrobial alone. The method consists 

of a series of tubes containing growth medium with the target microorganism and with 

polymers containing different concentrations of antimicrobial. The tubes are incubated 

for a certain period of time and visually inspected for microbial growth. As mention 

above, MIC is the lowest concentration of an antimicrobial in a polymer resulting the 

complete inhibition of growth of a test microorganism. Results should include polymer 

dimensions, composition and other relevant characteristics that vary from specimen to 

specimen [54, 56]  

 

2.8.3  Shake flasks test or plate count agar (PCA) 

 

Shake flasks tests provide more detailed information on antimicrobial kinetics. Liquid 

media (buffer, growth media, culture nutrients or foods) are seeded with the target 

microorganisms and the antimicrobial polymer. The flasks are incubated with mild 

agitation. Samples are taken over time and enumerated Unlike the MIC test, this method 

measures the reduction in bacterial growth rate even if, substantial grow occurs. Tests in 

broth provide information on microbial growth kinetics and the antimicrobial mode of 

action of the polymers. When testing antimicrobial films by the shake flask test, the 

ratio of film surface area to volume (of product or media) must be considered. Previous 

examples show that increasing the surface area/volume ratio increases the activity of 
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bioactive molecules incorporated into polymer films. From an antimicrobial standpoint, 

high surface volume/ratios may seem adequate. But in real packaging applications, 

surface area/volume ratios of 1 is considered optimal, and values higher than that may 

be impractical. By accounting the area/volume ratio, the feasibility of such films for 

practical applications may be assessed. As its name implies, the shake flask test 

includes agitation which enhances the contact between the antimicrobial polymer and 

the cells. The test may not be indicative of the degree of agitation that packaged foods 

receive and therefore studies should simulate agitation during storage and 

transportation. The percent reduction of bacteria colony forming units (CFU) can be 

calculated [54, 56]. 

 

100% 



A

BA
R

 

 
where  R = the decrease of bacteria (%) 

            A = the average amount of bacterial colonies from composites without    

                   antibacterial agents for a given contact time (CFU/ml)  

            B = the average amount of bacterial colonies from composites with  

                   antibacterial agents for a given contact time (CFU/ml) 

 

 

 

 

 

 

(2.6) 
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2.9  Literature review 

 

Antimicrobial packaging or active packaging materials become a very interesting for 

industrial sector at present, especially for food packaging application. The active 

packaging can inhibit microbial growth which is a cause of illness while remain quality 

of the food. Various thermoplastics have been used for these applications, e.g. 

poly(vinyl chloride), polyethylene, polypropylene, polyurethane and polystyrene [1, 2]. 

To produce active packaging, many techniques have been employed, such as melt-

mixing of antimicrobial agents with polymers, applying a coating on polymer surfaces, 

and immobilizing polymers by covalent bond linkages. But melt mixing is  preferred for 

industrial applications because of cost effectiveness and compatibility with current 

processing techniques [3]. However, the use of biopolymers in food packaging has 

already received wide attention [58, 59]. Nisin is an antibacterial agent which is 

primarily active against Gram-positive bacteria, including Clostridium, Bacillus, 

Staphylococcus and Listeria species [60]. Nisin was discovered to bind the outer 

membrane receptors by conjugation with other cell components (i.e., phospholipids), or 

by aggregation with other proteins (i.e., glycoproteins) of bacteria cell [61]. Jin and 

Zhang [62] illustrated that  Nisin/PLA films could inhibit growth of Listeria 

monocytogenes and Escherichia coli in culture media and liquid foods (orange juice and 

liquid egg white) but killing efficiency of each media was different. The greatest 

inhibition occurred at 24 h when the cell counts of L. monocytogenes in the Ninsin/PLA 

samples were 4.5 log CFU/mL less than the controls. The combination of a biopolymer 

and natural bacteriocin has potential for use in antimicrobial food packaging. Triclosan 

(2, 4, 4'-trichloro-2'-hydroxydiphenylether), a board spectrum antimicrobial substance, 

has been used effectively as toothpaste, mouthwash, deodorant and soap [47]. 
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Silapasorn et al [2] revealed that the triclosan did not change the color of all 

thermoplastics used (LDPE, MDPE, HDPE, PP, PS, PVC). The differences in the 

antibacterial performances of the studied thermoplastics with triclosan were associated 

with their rigidities, abilities to crystallize, and free volume or molecular density. 

However, triclosan/PVC showed the worst antibacterial performance because of 

interaction of triclosan and PVC which was confirmed by FTIR. Cutter [63] indicated 

that the material containing 1500 ppm of triclosan inhibited the growth of bacterial 

strains, such as, B. thermosphacta, S. aureus and S. typhimurium. Biochemical target of 

triclosan is mainly inhibition of fatty acid synthesis [50]. Silver nanoparticles are a well-

known antibacterial agent, which is widespread used for many applications especially, 

packaging application [64].  Only 1% of silver substitution zeolite in polyethylene was 

sufficient to reduce the microbial cell on the surface of  polyethylene from 105 to 106 

cells/ml to less than 10 cells/ml after 24 hours of contact [65]. The particles size of 

antibacterial agents also influences bacterial killing efficiency. Polypropylene filled 

with 0.1% of silver nanoparticles displayed an excellent antibacterial performance 

(above 99.9%), whereas micron-sized silver required silver content more than 0.5 % 

before exhibiting good antibacterial activity [66]. Fernadez et al [64] compared 

antimicrobial activity of Zeomic/PLA films prepared by a melt-mixing and solvent 

casting. The results were found that melt mixing films had greater crystallity but solvent 

casting films achieved antibacterial effectiveness.  In that case, a higher water uptake 

due to that water diffusion through the filler induced voids has been more clearly 

associated to the higher silver ion release than the polyamide crystallinity. The 

antibacterial effectiveness is also dependent upon concentration of antibacterial agents, 

method and the testing conditions. Recently, Zeomic/Silicone rubber was studied, the 

results showed that the Zeomic was not beneficial to the antimicrobial activity of the 
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rubber against bacteria but improved the tensile strength, elongation at break and stored 

energy density at break of the rubber [67]. 

 

Wood flour, a biodegradable reinforcing material, is one of the most widely used 

materials for producing wood–polymer composites (WPC) because it possesses several 

advantages, e.g. high modulus, low density, reduced material use, and low cost [23]. 

Wood/PLA composites are of great interest because wood and PLA are not only 

environmentally friendly materials but they are also expected to degrade completely 

after disposal at the end of their service lives.  The tensile strength of wood/PLA 

composite is almost independent of wood-flour content, suggesting only weak adhesion 

exists between the PLA matrix and the wood-flour particles [68, 69], usually overcomes 

by means of chemical modification [9, 10]. The addition of 1% silane treatment to the 

wood could improve the tensile modulus because silane enhances interfacial bonding of 

the wood and PLA [70]. The wood content was usually found to increase the Young‟s 

modulus while the tensile strength, elongation at break, and impact strength decreased 

[26]. Petinakis et al [71] demonstrated that the addition of wood-flour resulted in an 

increase of up to 95% in the tensile modulus, in comparison with pure PLA while the 

addition of a coupling agent, methylenediphenyl-diisocyanate (MDI) to the composition 

resulted in an increase in tensile strength and tensile modulus of the wood/PLA 

composites, of 10 and 135%, respectively, indicating enhanced matrix–particle 

interfacial adhesion. The Tg value of the wood/PLA was also found to decrease with the 

wood content because of the lower interfacial adhesion between the wood and PLA, 

consuming less power to move the PLA chain [72]. Shi et al [73] revealed that 1% 

Bamboo fiber incorporated with PLA could create double Tm values with double-

melting behavior appeared as a result of the defects of BF structure promoted the melt-
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recrystallization and promoted forming the small crystals. The addition of wood and 

wood type can influence the microbial killing efficiency. The wood/PVC composited 

filled with 3-iodopropinyl- N-butylcarbamate (IPBC) show better antifungal 

performance than the neat PVC while IPBC/PVC incorporated with Hevea brasiliensis 

Muell  showed the best antifungal performance in comparison with Xylia kerrii Craib 

and Hutch [74]. Although PLA is an appropriate candidate for packaging end-use 

application, PLA has limitations in gas barrier property which should be overcome [8]. 

The filler incorporation, especially organoclay, is the most attentive method to improve 

the barrier property because of cost saving and good barrier property [9]. These 

nanocomposites have strong barrier property because the clay layers retard the diffusing 

molecule pathway due to tortuosity. Clays are essentially impermeable inorganic 

crystals, gas molecules have to permeate around them instead of permeation a straight 

line path which takes longer mean path for gas absorption though these nanocomposite 

[10]. Cloisite
®

 30B is an organo-modified montmorillonite having two hydroxyl groups. 

The reaction between hydroxyl groups of Cloisite
®
 30B and PLA makes this clay 

proper for producing PLA-clay nanocomposites [75]. The water vapor permeability of 

the nanocomposite films could decrease 6-33% through nanoclay compounding [13]. 

The oranoclay was also found to accelerate the hydrolysis reaction by initiation of water 

absorption [30]. 

 

 Usually, the biodegradation occurs in two ways, enzymatic degradation, and non-

enzymatic degradation. However, the hydrolysis reaction is the main reaction which 

initiates the biodegradation of the PLA [22]. The crystalline region is found to be rather 

hydrolysis resistant compared with those in the free amorphous region [33]. From a lab-

scale, the biodegradation of neat PLA inoculated at 58°C for 60 days degraded slowly 
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only 13% compared to the pot type B (containing 5% poultry feather, 80% PLA, 15% 

starch), and C (containing 50% poultry feather, 25% urea, 25% glycerol) which were 53 

and 39, respectively [76]. The PLA size distributions influence the biodegradation, there 

by the PLA powders with sizes of 60 and 120 mesh were found to be degraded by up to 

91% after 35 days at 58 °C in the controlled compost [16]. Temperature and relative 

humidity (RH) were also found to affect biodegradation of PLA. Kai-Lai et al [77] 

disclosed that the degradation rate of PLA plastics was enhanced by the increase in 

temperature and relative humidity. The testing conditions were 28, 40, and 55°C at 

100% RH which gave the average degradation rate of PLA of 28,931, 27,361, and 

63,025 g mol
-1

/week, respectively. However, enzymatic degradation by microorganism 

could occur when the molecular weight of the PLA is lower than 10,000 Da. A PLA-

degrading actinomycete, Kibdelosporangium aridum, was found to degrad the PLA 

more than 97 mg out of 100 mg of the high molecular weight of PLA film within 14 

days in a liquid culture [78]. However, biodegradation ability of PLA loaded with 

antimicrobial agents was still unclear and open for wide discussion.  
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CHAPTER 3  METHODOLOGY 

 

3.1  Materials, chemicals and testing bacteria 

All materials, chemicals and testing bacteria used in this work are given in Table 3.1 

 

Table 3.1  Materials, chemicals and testing bacteria used in this work 

 

Material Grade/Type/Brand/Composition Company 

Poly(lactic acid) 2002D, 2003D 
NatureWorks, 

USA 

Triclosan 
2,4,4'-trichloro-2'-hydroxydiphenylether, 

24USP 
Koventure Co. 

Ltd., Thailand 

Silver substituted zeolite 

(Zeomic) 
MX2/nO·Al2O3·YSiO2·ZH2O 

Yamamoto 

Trading Co., Ltd., 

Thailand 

Coupling agent N-2(aminoethyl)-3-

aminopropyltrimethoxysilane, KBM 603 

Shin-Etsu 

Chemical Co. 

Ltd., Japan 

Wood flour average particle size of 100–300 µm V.P. Wood Co., 

Ltd., Thailand 

Nutrient broth 
Standard formula ingredient (g/litre) 

Plurypeptone 5.00 Beef extract 3.00 

Laboratorios 

Britania Co.,Ltd., 

Argentina 

Plate count agar 

Standard formula ingredient (g/litre) Casein 

enzymic hydrolysis 5.0 Yeast extract 2.50 

Dextrose 1.00 Agar 15.00 

Himedia Co.,Ltd., 

India 

Peptone RM 001-500G Himedia Co.,Ltd., 

India 

Organo-modified clay Cloisite
®
 30B   

Southern Clay 

Products 

Inc.,USA 

Escherichia coli (E.coli) Gram-negative bacteria, ATCC 25922 
National Institute 

of Health of 

Thailand 

Staphylococcus aureus 

(S.aureus) 
Gram positive bacteria, ATCC 25923 

National Institute 

of Health of 

Thailand 
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3.2  Research plans 

 

The independent variables shown in Figure 3.1, were composed of wood flour (5 and 

10%wt), and types and contents of antibacterial agents (triclosan and Zeomic) whereas 

the dependent variables (or testing methods) were antibacterial tests, mechanical 

properties test (tensile and impact), surface contact angle, ATR-FTIR, DSC, surface 

contact angle. For the work flowchart in Figure 3.2, a set of biodegradation test was 

arranged modified from ASTM D5538-1. Then the PLA and wood/PLA composites 

were selected to test biodegradation performance, including (i) PLA and wood/PLA; (ii) 

PLA and wood/PLA incorporating Zeomic and (iii) PLA and wood/PLA incorporating 

triclosan, respectively. The CO2 evolution occurred during 60 days of the test was 

measured every 2 days. In Figure 3.3, variables understudy were composed of wood 

flour, triclosan and organoclay Cloisite
®
 30B. Then antibacterial, mechanical, thermal 

properties and clay dispersion were investigated. 
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Figure 3.1  Work flowcharts for the studies of the effect of wood flour and antibacterial 

agents loading on PLA and wood/PLA composites properties 

 

 

 

Figure 3.2  Work flowcharts for the studies of the effect of wood flour and antibacterial 

agents loading on biodegradable performance of PLA and wood/PLA 

composites 
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Figure 3.3  Work flowcharts for the studies of the effect of organoclay loading on 

mechanical, thermal, antibacterial properties and barrier properties of PLA 

and PLA based composites 
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3.3  Experiment 

 

3.3.1  Specimen preparation 

 

KBM 603 silane coupling agent (1%) was used for chemical surface treatment of wood 

flour by blending in a high-speed mixer. The treated wood flour was left in an oven at 

80
 o

C for 3 days to remove all moisture content. Before the high-speed mixing process 

with antibacterial agents (triclosan or Zeomic) and Cloisite
®
 30B, the treated 

wood/PLA, Zeomic and Cloisite
®
 30B were dried in an oven at 80

 o
C for 24 hours. The 

lists of all composite formulations used are given in Tables 3.2 and 3.3. A twin-screw 

extruder (HAAKE™ Rheomex CTW 100P; Thermo Fisher Scientific, Waltham, MA, 

USA) was used to melt-blend all components, using temperature profiles from feed to 

die zone of 170, 180, 180, 180 and 170 
o
C, respectively, with 50 rpm screw rotating 

speed to produce pellets of PLA based composited. The extrudate was pelletized and 

then dried in an oven at 70 
o
C before compression-molded to give specimen films. The 

compression temperature and pressure used were 160 
o
C and 150 kg/cm

2
, respectively, 

under 5 min preheating and 3 min holding times before cooling down to room 

temperature. For biodegradation and antibacterial testing, specimens with 1 mm thick 

were cut into rectangular pieces 2.5 × 5.0 cm
2
.  The thickness of 0.5 mm   and 3 mm 

specimens were made for permeability and mechanical properties tests, respectively  
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Table 3.2  Composite formulations and sample codes used for the work flowcharts    

1-2 

Sample code 

Ingredient and content 

PLA  

(P, %wt) 

wood flour  

(W, %wt) 

triclosan 

(T, %wt) 

Zeomic 

 (Z, %wt) 

PLA 100.0 - - - 

0.5TP 99.5 - 0.5 - 

0.5ZP 99.5 - - 0.5 

1TP 99.0 - 1.0 - 

1ZP 99.0 - - 1.0 

1.5TP 98.5 - 1.5 - 

1.5ZP 98.5 - - 1.5 

W5P 95.0 5.0 - - 

0.5TW5P 94.5 5.0 0.5 - 

0.5ZW5P 94.5 5.0 - 0.5 

1TW5P 94.0 5.0 1.0 - 

1ZW5P 94.0 5.0 - 1.0 

1.5TW5P 93.5 5.0 1.5 - 

1.5ZW5P 93.5 5.0 - 1.5 

W10P 90.0 10.0 - - 

0.5TW10P 89.5 10.0 0.5 - 

0.5ZW10P 89.5 10.0 - 0.5 

1TW10P 89.0 10.0 1.0 - 

1ZW10P 89.0 10.0 - 1.0 

1.5TW10P 88.5 10.0 1.5 - 

1.5ZW10P 88.5 10.0 - 1.5 
*
 W5 and W10 represented the wood contents of 5 and 10 %wt, respectively 
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Table 3.3  Composite formulations and symbols used for work flowcharts 3 

 

Sample code 

Ingredient and content 

PLA  

(P, wt%) 

Cloisite
® 

30B 

(C, wt%) 

triclosan 

(T, wt%) 

wood flour 

(W, wt%) 

PLA 100.0 - - - 

0.5CP 99.5 0.5 - - 

1CP 99.0 1.0 - - 

2CP 98.0 2.0 - - 

TP 98.5 - 1.5 - 

0.5CTP 98.0 0.5 1.5 - 

1CTP 97.5 1.0 1.5 - 

2CTP 96.5 2.0 1.5 - 

WP 90.0 - - 10.0 

0.5CWP 89.5 0.5 - 10.0 

1CWP 89.0 1 - 10.0 

2CWP 88.0 2 - 10.0 

TWP 88.5 - 1.5 10.0 

0.5CTWP 88.0 0.5 1.5 10.0 

1CTWP 87.5 1.0 1.5 10.0 

2CTWP 86.5 2.0 1.5 10.0 
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3.3.2  Antibacterial activity evaluations 

 

Antibacterial evaluation of PLA specimens was performed by plate count agar (PCA) 

method following ASTM E2149 (2001). An inoculum of S. aureus and/or E.coli was 

incubated at 37
 o

C overnight before measuring optical density (OD) values by UV-Vis 

spectroscopy (DR/4000; Hach, Loveland, CO, USA). Peptone solution (prepared with 1 

g/L peptone in deionized water) was used to dilute each inoculum to OD 0.1. Two 

pieces of 2.5 × 5 cm
2
 film specimens (1 mm in thickness) were placed in individual 

flasks filled with 50 ml peptone solution, OD 0.1. A reciprocal shaker was used to shake 

the flasks at a speed of 100–120 rpm at 37 
o
C ± 0.5 

o
C for 0, 60, 120, 180 and 240 min 

of contact time. In order to find a suitable range of colony-forming units (CFU) of S. 

aureus and E.coli [79], a tenfold serial dilution was applied. For each contact time, 100 

μL of bacteria solution was placed on agar in sterilized Petri dishes. The inoculated 

plates were then incubated in an incubator  for 24 h at 37 
o
C. The number of living cell 

bacterial colonies was counted to determine the antibacterial performance. The 

percentage reduction of bacterial CFU was calculated using Eq. (2.6) 
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3.3.3  The biodegradation test 

 

Before the biodegradation test, the compost was fermented with fresh leaves for two 

months to enrich the microbial population. The properties of the fermented compost are 

given in Table 3.4. Figure 3.4 shows a diagram of the biodegradation test arrangement, 

which was modified from the standard test method ASTM D5338-11 (2003). One-mm-

thick samples of PLA and PLA-based composites were cut into four rectangular pieces 

2.5 × 5.0 cm
2
 and placed inside a reactor bottle filled with 400 g of compost. Compost 

containing no specimens served as a blank, which was used to determine the CO2 

generated by bacterial activities. The test was controlled at 58 °C ± 2 in a water bath for 

60 days. An air flow rate of 50 ml/min was fed into the system by an air pump (Figure 

3.4, No. 1) during the test to ensure that aerobic conditions were maintained. Ba(OH)2 

solution used in the test was 250 ml of 0.0625 M. Silica gel columns (No. 2) and the 

first Ba(OH)2 solution unit (No. 3) were used to remove moisture and CO2 from the 

feed air, respectively. The CO2 evolved from the reactor (No. 4) was trapped in 

Ba(OH)2 solution at the second and third Ba(OH)2 solution units (No. 5). The CO2 

reacted with the Ba(OH)2 and precipitated as BaCO3. The amount of CO2 was measured 

every two days by titration with 0.05 M HCl, using a few drops of phenolphthalein as 

an indicator to determine the Ba(OH)2 remaining in the solution.The CO2 trapping 

reactions by the titration of Ba(OH)2 and HCl are shown in Eqs. (2.1) and (2.2). The 

percentage of biodegradation (Dt) was calculated using Eq. (2.4). 
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Figure 3.4  Arrangement of the biodegradation test for PLA and wood/PLA composites 

(modified from ASTM D5338-1) 

   

Table 3.4  Properties of soil composed in this study 

 

Item Value 

Total dry solid (%)
a
 40.32 

Volatie solids (%)
b
 31.15 

pH of compose 6.9 

Total organic carbon amount (%) 8.22 

Total nitrogen amount (%) 0.49 

C/N ratio 17 
a
 Total of solids gained by catching a know volume of compost dried at 105°C for 24 h. 

b 
Total of solid gain by catching a know volume of compost burnt at 550°C 2h.
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3.3.4  Barrier properties test 

 

Water vapor permeability (WVP) 

 

Water vapor permeability (WVP) was determined through ASTM E96/E96M-12. The 

film specimens were put on the cup filled 10g of silica gel. The cup (including film and 

silica gel was placed in an environmental chamber at 39°C and 90% RH. The silica gels 

were weighed after 1 week. WVP was calculated by using the standard water 

permeability Equation (3.5): 

 

  
p

tpermeance
WVP






)(
     (3.1)    

 

where  permeance = the rate of water vapor transmission (g/mm
2
h) 

    t = the average film thickness (mm)  

 ∆p = the vapor pressure difference between both sides of the film (Pa) 

 

Oxygen permeability 

 

To determine oxygen permeability of PLA composite films, an oxygen permeability test 

equipment OX-Tran model 2/10 (Mocon Co. Ltd., USA) was used. The experiment was 

performed in a stainless steel chamber. Oxygen and nitrogen were used as the test and 

purge gas. 0.5mm thick films were placed in the chamber which permeated oxygen was 

passed over each film for a certain period detected by the oxygen sensor. To ensure no 

leaked gas, O-ring and silicone grease were applied between the films and chamber 

wall. Each film was examined by two step procedures, the first step was to check the 
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leak between the film and chamber wall while then second step was to determine 

amount of oxygen passing the PLA film during the test  (each step was done by 10 

cycles with took 45 min each). 

 

3.3.5  Characterizations 

 

 Fourier transform infrared spectroscopy (FTIR; Spectrum Spotlight 300, 

PerkinElmer, USA) was utilized with an attenuated total reflectance mode to 

examine molecular interactions between PLA, triclosan and wood flour. 

 

 Differential scanning calorimetry (DSC; DSC822, Mettler-Toledo, USA) was used 

to monitor the physical and thermal properties of PLA, PLA based composites. Each 

sample was first heated from 30 to 200
 o

C, cooled down to 30
 o

C and then re-heated 

to 200
 o

C. The heating and cooling rate were 10
 o

C/min under nitrogen atmosphere. 

The glass transition temperature (Tg) and melting temperature (Tm) were 

determined. Percentage of crystallinity (Xc) was also obtained via the DSC curves 

given by Equation (3.6): 

 

    
wH

H
X

m

m
C

100
(%)

0





             (3.2) 

 

where  mH  = the enthalpy of the sample   

 0

mH  = the enthalpy of fusion for 100% crystalline PLA (93.7 J/g) 

   w     = the weight fraction of PLA in composites 
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 Water contact angle (WCA) studies were performed to quantify the change in 

surface energy, surface chemistry and roughness of PLA and PLA blended. 

Deionized water was dropped onto PLA blend and composite surfaces, and then the 

contact angle was measured using a contact angle goniometer (model 100-00, 

Ramé-hart Instrument Co., USA). In the developing step, 5 times/100 L droplets 

were dropped on specimen surfaces using three independent samples, and the 

average contact angle values were then reported. 

 

 X-ray diffraction (XRD) was used to determine distribution characteristic of 

organoclay in PLA matrix. The data of PLA composites has been collected with a 

Rigaku X-ray diffractometer, (CuKα radiation, 30 kV, 10 mA) using step size of 

0.02° and 4.0° min
−1

. The basal spacing (d 0 0 1) was obtained from Bragg‟s 

equation  (  sin2dn  ) 
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3.4  Experimental problems and solutions during the work  

 

3.4.1  Problems and solutions 

 

Problem 1:  PLA was over-melted during high speed mixing process (Figure 3.5) 

because PLA was very sensitivie to heat [80]. 

 

 

 

Figure 3.5  Over-melted PLA during the high speed mixing process 

 

Solution 1:  Reduced the mixing time of the high speed mixer from 5 to 2.5 min in 

order to reduce heat accumulation of the PLA. Finally, the PLA was 

extrudable. 

 

 

Problem 2:  The Extrudate of PLA loaded with 20 and 40 %wt wood flour were       

over-melted during the melt mixing process by the twin screw extruder 

(Figure 3.6) because the incompatibity of the PLA and wood flour and 

also moisture from the wood caused the hydrolysis reaction of the PLA. 

Over-melted PLA 
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Figure 3.6  Over-melted PLA loaded with 20 and 40 %wt wood flour during the 

extrusion process 

 

Solution 2:  Used lower contentets of wood (5 and 10 %wt) and increased the drying 

time from 80°C for 12 hours to 80°C for 24 hours to minimize the effect 

of moisture from the wood and hydrolysis reaction.  

 

 

Problem 3:  Bubbles evolved within the wood/PLA sheets (Figure 3.7) during the  hot 

press process when the upper heated plate moved down until touching the 

PLA, the PLA melted immeadiately then gas or moisture was trapped 

inside the PLA sheets. 
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Figure 3.7  Bubbles evolved within the wood/PLA sheets  

 

Solution 3:  Reduced hot press temperatures form 170°C to 160°C to slow down the 

PLA melting in order to increase the time for gas or moisture to release. 

 

 

Problem 4:  Unable to cut the PLA and wood/PLA composite sheets to produce testing 

specimens by a cutting meachine because the PLA sheets melted and 

rejoined during the cutting process.  

 

Solution 4:  Using a cooling unit (Figure 3.8) during the cutting process to solve the 

PLA melting problem which was a cause of rejoining. 

Bubbles  
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Figure 3.8  Cutting maching with a cooling unit 

 

Problem 5:  The PLA incorporated with Zeomic composite sheets is very brittleness 

and broken easily (Figure 3.9) because the incompatibility of PLA and 

Zeomic and also moisture from the Zeomic caused the hydrolysis reaction 

of the PLA to take place. 

 

 
Figure 3.9  Broken Zeomic/PLA composite sheets 
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Solution 6:   Dried the Zeomic at 80°C for 12 hours to release the moisure content.  

 

 

Problem 6:  Failed to extrude wood/PLA filled with Zeomic loading of 1.5 %wt  

(Figure 3.10) because of the incompatibility of wood and PLA, together 

with mositure contents in Zeomic absorbed by Si–OH bonding as a 

function of zeolite initiating the hydrolysis reaction. 

 

 

 

Figure 3.10  Over-melted wood/PLA loaded with 1.5%wt Zeomic composites during 

the extrusion process 

 

Solution 7:  Changed the drying time of Zeomic from 80°C for 12 hours to 80°C for 24 

hours to release all the absorbed moisture content. 
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Problem 7:  The biodegradations of the PLA and PLA based composite specimens 

proceed very slowly during the test because the microbial propulations 

were insufficient. 

 

Solution 7:  Fermented the tested soil with fresh leaves for two months to enrich and 

ensure the microbial population (Figure 3.11) in order to digest the PLA 

and PLA based composited during the test. 

 

 

 

Figure 3.11  Fermented soil for biodegradation test 
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CHAPTER 4  RESULT AND DISCUSSION 

 

4.1  Effect of wood flour and antibacterial agents loading on the   

mechanical, antibacterial and biodegradable properties of PLA 

and PLA based composites 

 

4.1.1  Mechanical properties 

 

4.1.1.1  Effect of wood flour loading 

 

The mechanical properties of the poly(lactic acid) (PLA) filled with different 

concentrations of wood flour are given in Figures 4.1a-b in terms of Young‟s modulus, 

tensile strength, elongation at break and impact strength. The Young‟s modulus of neat 

PLA was 0.9 ± 0.04 GPa.  As the wood content increased, the Young‟s modulus of the 

wood/PLA composites also increased to 0.91± 0.03 and 0.98 ± 0.025 GPa for 5 and 

10% wood , respectively. The increase in the modulus was due to the fact that the wood 

had greater rigidities than the PLA. This effect was usually found with the 

thermoplastics that had lower rigidities than the wood [81-83].  However, the tensile 

strength, elongation at break, and impact strength decreased with the wood content. The 

decreases in these properties were caused by incompatibilities between the wood and 

PLA [69-71], the effect was more pronounced for higher wood contents. 
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Figure 4.1  Mechanical properties of PLA and wood flour/PLA composites in terms of: 

(a) Young‟s modulus and tensile strength; (b) elongation at break and impact 

strength 
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4.1.1.2  Effect of antibacterial agents loading 

 

Mechanical properties of PLA and wood/PLA composites (5% and 10% wood content) 

with different types and contents of antibacterial agents are given in Figures 4.2-4.5 It 

was observed that, compared with neat PLA, the Young‟s modulus tended to increase 

with the presence of wood and Zeomic (Figure 4.2). This was due to the greater rigidity 

of wood and zeolite particles (in Zeomic) in comparison with neat PLA. Low rigid 

thermoplastics were usually found to be increased in the Young‟s modulus when the 

higher rigidity particles were added [82-84].  

 

 

 

Figure 4.2  Young‟s modulus of PLA and wood/PLA composites with different wood 

contents, different types and amounts of antibacterial agents (solid and 

dashed lines are triclosan and Zeomic systems, respectively) 

 

The tensile strength, elongation at break, and impact strength (Figures 4.3-4.5) of PLA 

decreased with increasing wood content. The reduction in these mechanical properties 

was due to the incompatibility of the wood and PLA [70, 71, 85, 86]. Similar to the 

effect of wood, the mechanical properties of the specimens declined with the addition of 
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Zeomic, especially in the case of PLA with 10% wood content. For example, the tensile 

strength of PLA, 5% wood/PLA (W5P) and 10% wood/PLA (W10P) decreased from 

49.48, 48.16 and 41.77 MPa to 48.61, 43.8 and 11.01 MPa, respectively, when 1.5% 

Zeomic was loaded. This was likely caused by degradation of the PLA matrix as a result 

of a hydrolysis reaction between PLA and water molecules in the zeolite structure, and 

also because water molecules were absorbed by Si–OH bonding of zeolite and the 

hydroxyl groups in the wood. This was reported by Kaali et al. [87], who revealed that 

Ag
+
-loaded zeolite could initiate a hydrolysis reaction for both polyester polyurethane 

and silicone rubber because the Si–OH bonding as a function of zeolite induced the 

adsorption of water molecules. The effect of triclosan on the mechanical properties of 

PLA and wood/PLA did not show a clear trend under the given experimental errors. In 

order to facilitate the understanding of the effect of triclosan, the mechanical property 

results were reported in range as given in Table 4.1, showing the ranges of mechanical 

property changes after adding triclosan at 0.5–1.5%wt. It was found that the changes in 

Young‟s modulus (ΔE), tensile strength (ΔTS), elongation at break (ΔB), and impact 

strength (ΔIS) of the PLA and wood/PLA composites ranged 0.02–0.06 GPa, 3.35–4.54 

MPa, 1.25–2.44%, and 0.21–0.54 x 10
-2

 J/mm
2
), respectively, for the addition of wood 

contents of 5–10%wt and triclosan loadings of 0.5–1.5%wt. This implies that the 

addition of triclosan did not involve in the hydrolysis reaction. Another possible reason 

is that the dosage of triclosan used was relatively small. 
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Figure 4.3  Tensile strength of PLA and wood/PLA composites with different wood 

contents, different types and amounts of antibacterial agents (solid and 

dashed lines are triclosan and Zeomic systems, respectively) 

 

 

Figure 4.4  Elongation at break of PLA and wood/PLA composites with different wood 

contents, different types and amounts of antibacterial agents (solid and 

dashed lines are triclosan and Zeomic systems, respectively) 
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Figure 4.5  Impact strength of PLA and wood/PLA composites with different wood 

contents, different types and amounts of antibacterial agents (solid and 

dashed lines are triclosan and Zeomic systems, respectively) 
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Table 4.1  Effect of triclosan content on the changes in mechanical properties of PLA and wood/PLA composites 

Materials 

Young’s modulus (E, GPa) 

for triclosan loadings of 

0.5-1.5%wt 

Tensile strength ( ST, MPa) 

for triclosan loadings of 

0.5-1.5%wt 

Elongation at break (E, %) 

for triclosan loadings of 

0.5-1.5%wt 

Impact strength 

(IS, x10
-3

J/mm
2
) 

for triclosan loadings of 

0.5-1.5%wt 

Max-Min ∆E Max-Min ∆ST Max-Min ∆B Max-Min ∆IS 

PLA 0.90 - 0.88 0.02 54.02 - 49.48 4.54 10.22 - 7.78 2.44 4.26 - 4.05 0.21 

W5PLA 0.94 - 0.88 0.06 49.23 - 45.88 3.35 8.81 - 7.56 1.25 3.78 - 3.24 0.54 

W10PLA 1.01 – 0.96 0.05 45.84 - 41.77 4.07 8.00 - 5.67 2.33 2.86- 2.36 0.5 

8
3
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4.1.2  Antibacterial properties 

 

4.1.2.1  Qualitative antibacterial test 

 

In this section, agar diffusion was used as a method to observation the diffusion 

efficiency of antibacterial agents against E. coli as the testing bacteria. Usually, the 

inhibition zone appears when the antibacterial agent is able to migrate out of polymer 

surface to kill or inhibit the bacteria. It was observed in Figure 4.6 that control samples 

(filter paper soaked with pure triclosan) appeared the largest clear zone suggesting  that 

triclosan could migrate and kill E.coli. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6  Inhibition zone test against E.coli : (a) PLA; (b) 10% wood/PLA 

composites 

 

The inhibition zone did not occur with neat PLA and W10P showing that the neat PLA 

and wood fiber did not have an effect on killing E. coli. But, when increasing the 

triclosan dosages, the clear zones were formed more apparently. In comparison between 

(a) (b) 
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PLA and wood/PLA composites, it was obviously found that the greater inhibition zone 

was seen with W10P with for all triclosan contents (0.5, 1 and 1.5%) suggesting that the 

wood facilitated the triclocan to migrate out of the PLA matrix to kill the E.coli. While 

the inhibition zone did not occur with the PLA and wood/PLA with Zeomic loading 

even when Zeomic was added at the maximum dosage of 1.5% (Figure is not shown).  

 

4.1.2.2  Quantitative antibacterial test 

 

Quantitative test was carried out using a Plate Count Agar (PCA) technique. All PLA 

specimens including PLA, 5% wood/PLA and 10% wood/PLA blended with triclosan 

and Zeomic were tested against E.coli and S.aureus.  

 

 Effect of antibacterial agents loading on antibacterial property against 

S.aureus 

The antibacterial performances against S. aureus of PLA and wood/PLA composites 

incorporated with triclosan or Zeomic at different concentrations and for varying 

contact times are given in Figures 4.7 and 4.8, respectively. For triclosan systems, the 

viable cell counts of triclosan-loaded PLA and wood/PLA (Figures 4.7a–c) for all 

contact times were lower than those of specimens without triclosan. Nevertheless, S. 

aureus bacteria still grew at a slower rate when the contact time was increased. This 

suggested that triclosan could kill or inhibit S. aureus bacterial growth for PLA and 

wood/PLA composites. For Zeomic systems, an increase in contact time and/or Zeomic 

content did not affect the reduction of S. aureus colony-forming units (Figures 4.8a–c). 

With longer contact time, more colony-forming units occurred, even when Zeomic was 

added at the maximum dosage of 1.5%. This suggested that Zeomic did not have ability 
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to retard bacterial growth. In order to further illustrate antibacterial effectiveness, the 

percentage of bacterial reduction was calculated.  

 

 

 

 

 

 

Figure 4.7  Viable cell count of S. aureus with triclosan loadings of 0.5–1.5 %wt for 

different contact times: (a) PLA; (b) W5P composites; (c) W10P composites 
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Figure 4.8  Viable cell count of S. aureus with Zeomic loadings of 0.5–1.5 %wt for 

different contact times: (a) PLA; (b) W5P composites; (c) W10P composites 
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Table 4.2 shows the percentage of bacterial reduction of S. aureus for PLA and 

wood/PLA composites containing triclosan or Zeomic loadings of 0.5–1.5 wt% at 

different contact times. With one exception (0.5TW10P at 180 min), the higher the 

triclosan concentration and/or the longer the contact time, the greater the percentage of 

bacterial reduction. For example, at 60 min contact time, the antibacterial performance 

of PLA containing 0.5% triclosan was enhanced from 25.00% to 50.00% when the 

triclosan content was raised to 1.5%; the percentage reduction also increased up to 

58.18% when the contact time was extended to 240 min. The optimum antibacterial 

performance of PLA, W5P and W10P (81.82, 84.17 and 84.80%, respectively) occurred 

with 1.5% triclosan loading and 240 min contact time. On the other hand, Zeomic did 

not show any antibacterial property. Higher Zeomic dosages and longer contact times 

did not affect the antibacterial activity of the composites.  
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Table 4.2  Percentage of S.aureus bacterial reductions at different contact times for PLA and wood/PLA composites with triclosan and  

Zeomic loadings of 0.5 - 1.5%wt  

 

Specimens 
Contact time 

(min.) 

Percentage bacterial reduction (%) 

0.5%  1.0%   1.5%  

triclosan Zeomic tricolsan Zeomic tricolsan Zeomic 

PLA 

60 25.00 5.88 32.50 1.96 50.00 0.00 

120 35.42 0.00 43.75 4.84 66.67 0.00 

180 58.44 0.00 67.53 0.00 79.00 6.39 

240 58.18 12.12 74.55 0.00 81.82 5.30 

W5P 

60 15.56 0.00 26.67 0.00 44.44 0.00 

120 19.64 7.69 42.86 10.80 69.65 0.00 

180 28.23 0.00 47.06 0.00 82.35 3.33 

240 63.33 9.50 56.67 5.84 84.17 5.11 

W10P 

60 12.50 3.33 23.21 8.33 50.00 0.00 

120 33.33 0.00 47.61 0.00 74.60 0.00 

180 24.39 7.37 47.78 0.00 84.44 10.53 

240 66.40 0.00 78.40 0.00 84.80 0.00 

 

8
9
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 Effect of antibacterial agents loading on antibacterial property against 

E.coli 

The quantitative results for antibacterial performances of PLA and wood/PLA 

composites incorporated with triclosan and Zeomic are given in Figures 4.9 and 4.10, 

which shows a viable colony count for E. coli under different antibacterial agents 

concentrations and contact times. It was observed that for neat PLA (Figure 4.9a), as the 

triclosan content increased the viable cell count decreased for all contact times, 

suggesting that triclosan had the ability to retard bacterial growth. However, when the 

contact time was increased the bacteria continued to grow, but at a slower rate in the 

case of PLA with the presence of triclosan. For wood/PLA composites (Figures 4.9b 

and 4.9c), increasing the triclosan content reduced the viable cell count. This effect was 

more pronounced when compared with the neat PLA, as mentioned earlier. The effect 

of contact time on the changes in viable cell count for wood/PLA composites did not 

exhibit the same trend as observed for the neat PLA; with increased contact time, the 

viable cell count for wood/PLA composites tended to decrease. This phenomenon was 

clearly seen for high triclosan loadings of 1.0–1.5%wt. For Zeomic system (Figure 4.10 

a-c), the antibacterial performances of PLA and wood/PLA composites against E.coli 

were found to be similar to those of the specimens against S.aureus. The E.coli kept 

growing when the contact time increased for every dosage of Zeomic added, suggesting 

that the Zeomic did not achieve on killing E.coli under the tested condition. The 

antibacterial performance could also be viewed in terms of percent bacteria reduction. 

Table 4.3 shows bacterial reduction percentages of E.coli for PLA and wood/PLA 

composites with different antibacterial agent contents and contact times.  
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Figure 4.9  Viable cell count of E.coli with triclosan loadings of 0.5–1.5 %wt for 

different contact times: (a) PLA; (b) W5P composites; (c) W10P 

composites 
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Figure 4.10  Viable cell count of E.coli with Zeomic loadings of 0.5–1.5 %wt for 

different contact times: (a) PLA; (b) W5P composites; (c) W10P 

composites 
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Similar to the results in Figures 4.9 and 4.10, percent bacterial reduction did not 

increase with Zeomic content or contact time. However, the higher the triclosan 

concentration and contact time, the greater the percent of bacterial reduction. Evidently 

the wood particles acted as an antibacterial promoter for triclosan-based wood/PLA 

composites.  
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Table 4.3  Percentage of E.coli bacterial reductions at different contact times for PLA and wood/PLA composites with Triclosan and 

Zeomic loadings of 0.5 - 1.5%wt  

 

Specimens 
Contact time 

(min.) 

Percentage bacterial reduction (%) 

0.5%  1.0%   1.5%  

triclosan Zeomic tricolsan Zeomic tricolsan Zeomic 

PLA 

60 14.86 6.25  9.46 0.00  17.57 5.00  

120 53.16 4.55  63.16 0.00  65.26 14.14  

180 62.95 4.38  63.86 5.63  74.11 2.81  

240 74.92 6.98  78.81 10.38  83.40 6.80  

W5P 

60 10.77 9.86  24.62 11.27  32.31 0.00  

120 49.58 0.00  77.73 0.00  87.39 0.00  

180 45.74 0.00  81.91 0.00 83.69 0.00  

240 54.95 0.00  88.16 0.00  91.65 4.44  

W10P 

60 21.67 0.00  48.33 1.16 40.00 0.00 

120 63.27 8.73  74.83 10.71  86.39 13.09  

180 64.20 0.00  82.72 0.00  96.71 0.00  

240 63.68 0.00  88.05 0.00  96.78 0.00  

9
4
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4.1.2.3  Assumption proofs 

 

 There are two different assumptions to answer the question why the PLA and 

wood/PLA filled with Zeomic and triclosan showed the different results of antibacterial 

performances. For Zeomic system: the Zeomic created crystalline regions in PLA that 

could interrupt the generation of silver ions which affected the killing efficiency of 

silver ions. For triclosan system, the highly hydrophilic wood particles [88, 89], would 

interrupt the interaction between the triclosan and PLA and also absorbed water 

molecules which facilitated the triclosan to migrate onto the PLA surface to kill the 

bacteria. To prove these two assumptions, differential scanning calorimetry (DSC) 

water contact angle and Fourier transform infrared spectroscopy (FTIR) had been 

performed. 

 

 Assumption proofs for Zeomic system 

Because the assumption for Zeomic system is that the Zeomic could create the 

crystalline region which disturbed the killing efficiency of silver ion against testing 

bacteria, thus silver ion releasing mechanism has to be considered. Figure 4.11 shows 

silver ion releasing mechanism of Zeomic. To kill the bacteria, the immobilized silver 

particles in the zeolite carrier exchange their ions with the positive ions, such as sodium 

ions from moisture or environment then release silver ions to kill the bacteria [90]. If 

the Zeomic could improve crystallinity level of the PLA, the ions exchange process 

would be interrupted which affected the bacterial killing efficiency of the Zeomic. 
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Figure 4.11  Silver ions releasing mechanism of Zeomic [91] 

 

The DSC patterns for PLA, W5P and W10P with and without triclosan or Zeomic 

loadings are given in Figure 4.12, showing the glass transition (Tg) and melting (Tm) 

temperatures and the degree of crystallinity (Xc). The Tg of neat PLA was 63 
o
C, 

whereas the Tg values of all other PLA composites were lower. The reduction in the Tg 

value is thought to be connected with the hydrolysis reaction initiated by additives used 

(especially in the case of wood/PLA systems), which causes the PLA to have a lower 

molecular weight. A reduction in the Tg of the PLA matrix with the presence of fibers 

was also observed by Mohamed et al. [72]. With the incorporation of wood and Zeomic, 

the Tm value for neat PLA was around 153 °C whereas the Tm values for the wood/PLA 

composite displayed a double melting peaks,  the  first  melting  peak  being at around  

140–152 °C and  the  second  melting  peak  exhibiting at around  151–159 
 
°C. It is 

possible that wood and Zeomic may perform as rigid foreign particles that create 

crystalline regions, whereas the second one could be associated with imperfect PLA 

crystals occurring as a result of the addition of wood and Zeomic. The double-melting-
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peak behavior of PLA composites was also found by Shi et al. [73]. These double 

melting peaks indicate that Zeomic was responsible for raising PLA crystallinity levels 

from 7.9% for the neat PLA to 31.9%, 34.4% and 36.3% when 1.5 wt% Zeomic was 

loaded into PLA (1.5ZP), 5% wood/PLA (1.5ZW5P) and 10% wood/PLA (1.5ZW10P), 

respectively. The increases in crystallinity level due to the presence of wood particles 

were also suggested in the case of wood/PP composites, as a result of transcrystalline 

structures formed on the wood surfaces [92]. The DSC results are consistent with the 

assumption; Zeomic increased the crystallinity level of the PLA. 

 

  

 

Figure 4.12  DSC thermograms of PLA, W5P and W10P composites with and without 

the addition of 1.5 wt% triclosan or Zeomic 
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Fast and slow cooling are well known techniques used to control crystallinity level of 

semi-crystalline polymers; fast and rapid cooling (quenching) usually reduces 

relaxation time of semicrystalline polymer which increases amorphous region of the 

polymers. To prove the effect of crystalline structure against the antibacterial 

performance of PLA  and wood/PLA composites incorporated with Zeomic, the 

quenching process was set up. After heating process of a hot press; Zeomic/PLA 

sheet was immediately immersed in cold water and left until the temperature was 

reduced to room temperature.  

 

 

 

Figure 4.13  Viable cell count of E.coli for PLA sample with Zeomic loadings of       

0.5–1.5 %wt at different contact times prepared by the quenching 

process 

 

Table 4.4  Percentage of E.coli bacterial reductions at different contact times for PLA 

with Zeomic loadings of 0.5 - 1.5 %wt prepared by the quenching process 

 

specimen 
Contact time  

(min.) 

Percentage bacterial reduction (%) 

0.5%Zeomic 1.0% Zeomic 1.5% Zeomic 

PLA 

60 18.75  16.25  13.75 

120 14.56  19.62  22.15  

180 12.59  5.19  7.41  

240 12.20  31.71  26.83  
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Figuer 4.13 and Table 4.4 present the viable cell count and percentage of E.coli 

bacteria reductions with Zeomic loadings of 0.5–1.5%wt prepared by the quenching 

process. Similar to the previous result, the more contact time, the more E.coli colony 

forming units occurred. However, greater percentage bacteria were observed in 

comparison with non-quenching specimens. None of zero percentage bacterial 

reduction was found for all contact time, suggesting Zeomic had slightly better 

ability to inhibit E.coli population. Fernandez et al [64] also discovered that the 

degree of crystallinity of PLA was the cause of the drop in antibacterial performance 

of Zeomic/PLA composites. Thus, it can be considered that the crystallinty of the 

PLA has an effect on the killing efficiency of the Zeomic.  

 

 Assumption proofs for triclosan system  

It is essential to prove the proposed mechanism for explanation of the role of           

wood flour as an antibacterial promoter in a triclosan system, as discussed earlier, 

through independent physical and structural characterizations. If triclosan migration on 

the PLA surface by the assistance of wood flour had occurred, one would expect to 

observe chemical and physical changes on the wood/PLA composite surfaces. In this 

respect, water contact angle (WCA) measurement and Fourier transform infrared 

spectroscopy were performed.  Table 4.5 shows the contact angle values for PLA and 

PLA with triclosan, Zeomic or wood additive. The addition of Zeomic for the  neat PLA 

and wood/PLA composites changed water contact angle value from 58.6° to 60.55°, 

69.3° to 70.37° and 70.8° to 70.51° for PLA, W5P and W10P respectively. The increase 

in water contact angle suggesting that the PLA and wood/PLA composites became more 

hydrophobicity when Zeomic was added. For triclosan system, the addition of triclosan 

or 10%wood on PLA had significant effects on its hydrophilicity: the contact angles of 
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PLA appeared to increase from 58.6
o
 to 68.8

o
 and from 58.6

o
 to 70.8

o
, respectively. This 

indicates that the PLA became less hydrophilic due to the presence of triclosan. The 

changes in the hydrophilicity of PLA by the addition of triclosan are related to 

molecular interactions between the two substances, as illustrated in Figure 4.14. 

Intermolecular hydrogen bonds are presumed to exist between PLA and triclosan. If 

these interactions occur, the initial hydrophilicity of PLA would be expected to 

decrease. A similar phenomenon probably applies for the composite of PLA and wood. 

However, when 1.5% triclosan was added into the wood/PLA composites (5 and 10% 

wood contents), the contact angle value for the wood/PLA was found to decrease from 

70.8
o
 to 64.8

o
. This can be explained using a proposed interactive model, as given in 

Figure 4.15. 
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Table 4.5  Water contact angle of PLA and wood/PLA incorporated with triclosan and 

Zeomic loadings of 0 and 1.5 %wt 

 

Materials Contact angle values photos 

PLA 59 

 

1.5TP 69 

 

1.5ZP 61 

 

W5P 69 

 

1.5TW5P 62 

 

1.5ZW5P 70 

 

W10P 71 

 

1.5TW10P 65 

 

1.5ZW10P 71 
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Figure 4.14  Intermolecular hydrogen bonds of PLA with triclosan 

 

 

 
                                                 

 

Figure 4.15  A possible model of moisture regain by the presence of wood in 

triclosan/PLA blends: (a) without wood; (b) with wood. 

(b) (a) 
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It is thought that triclosan is likely to have a preference with PLA via hydrogen 

bonding. The wood particles in the triclosan/PLA system would interrupt the bonding 

and enable the wood/PLA composites to absorb more water molecules onto the 

triclosan/wood/PLA surfaces; this absorbed moisture would allow triclosan migration 

onto the PLA specimen surfaces due to a diffusion process, and eventually resulted in 

the decreases in contact angle value. The diffusibility of triclosan to kill bacteria has 

been found by Silapasorn et al. [2] and Chung et al. [56], who suggested that the 

efficiency of triclosan for killing bacteria incorporated in vinyl thermoplastics was 

dependent on its diffusion ability in the media. The results shown in Figures 4.14 and 

4.15 can be used to support the viable cell count results for triclosan/wood/PLA 

composites as compared with triclosan/PLA. Table 4.5 shows the effect of triclosan 

content on hydrophilicity (water contact angle) for PLA and wood/PLA composites. It 

can be seen that although the presence of triclosan decreased the hydrophilicity of the 

PLA and wood/PLA composites, its varying content had very little effect on the change 

in hydrophilicity. This may be because the increased triclosan content was probably 

distributed and/or dispersed within the bulk PLA and wood/PLA composites, rather 

than on the sample surfaces where the contact angles were being measured. The 

interactions among PLA, triclosan and wood, as seen in the contact angle results, can be 

substantiated by the FTIR analysis results in Figure 4.16a, showing FTIR spectra for 

PLA, triclosan, and PLA with 1.5%wt triclosan. It can be seen that the FTIR spectrum 

for triclosan/PLA was very similar to that for the neat PLA. This was to be expected, 

since the triclosan content added was very small compared to the bulk PLA. However, a 

slight change could be observed in the carbonyl functional (C=O) peak of PLA at a 

wavenumber of 1753 cm
-1

. The carbonyl peak became broadened and split into two 

small peaks (at wavenumbers of 1753 and 1746 cm
-1

).  
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(a) 

(b) 
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Figure 4.16  FTIR spectra for PLA and wood/PLA composites filled with triclosan:    

(a) PLA, triclosan, and triclosan/PLA; (b) PLA, wood, and wood/PLA 

composites; (c) PLA and triclosan/wood/PLA composites 

 

These changes in the FTIR spectra indicated the intermolecular interaction between 

PLA and triclosan (Figure 4.15). Figure 4.16b shows FTIR spectra for PLA, wood, and 

PLA with 10%wt wood content. It can be seen that the FTIR spectrum for wood/PLA 

was similar to that for neat PLA, with the presence of a hydroxyl group (-OH) at a 

wavenumber of 3341 cm
-1

. Unlike triclosan in PLA, the additional hydroxyl peak 

occurred due to the reasonable amount of wood flour added to the PLA. Finally, it was 

interesting to note that the FTIR spectrum for the triclosan/wood/PLA sample in Figure 

4.16c exhibited a mixture of the triclosan/PLA and wood/PLA spectra. This represents 

the broadening and splitting of the carbonyl peak at wavenumbers of 1753 and 1746  

cm
-1

 from the triclosan/PLA interaction, and the hydroxyl peak at a wavenumber of 

(c) 
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3341 cm
-1

 from the wood part. It appears that the contact angle results in Table 4.5, the 

molecular interactions in Figure 4.14, and the FTIR results in Figure 4.16 correspond 

well to the antibacterial activity results in Figures 4.7 and 4.9, in accordance with the 

proposed concept of the role of wood flour as an antibacterial promoter. More evidence 

highlighting the role of wood flour as an antibacterial promoter was the data from DSC 

analysis. It was essential to relate the thermal behavior with the antibacterial 

performance of PLA by the addition of triclosan and wood. Park et al. [57]  documented 

that thermoplastics with a higher degree of crystallinity would have lower antibacterial 

activities due to the difficulty of the antibacterial agent in penetrating through the 

crystalline phase as compared with the amorphous structure. However, this 

characteristic was not the case in wood/PLA composites. The increases in the degree of 

crystallinity due to the addition of wood obtained in this work did not increase the 

rigidities of the triclosan/PLA to that extent. This was clear evidence that the increase in 

the tensile modulus with increasing wood flour content was relatively small (see Figure 

4.1). In other words, the increasing effect on the rigidity of triclosan/PLA is probably 

suppressed by the increasing hydrophilic effect when wood flour is added to the 

triclosan/PLA blend (Table 4.5 and Figure 4.15). This was why the antibacterial 

performance still improved, although the crystallinity and rigidity of the triclosan/PLA 

had slightly increased with the added wood flour. It can therefore be concluded that the 

hydrophilic effect played a more important role than the physical and thermal properties 

in the antibacterial activity of triclosan in the PLA and wood/PLA composites.  
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4.1.3  Biodegradable property 

 

In this part, biodegradation test of PLA and wood/PLA composites filled with triclosan 

and Zeomic were performed. Figure 4.17 shows the total CO2 evolution of all tested 

specimens including blank. Blank was reactor bottle filled with 400 g of compost 

without PLA samples added. It can be seen that CO2 evolved for all samples when the 

incubation time was increased. The graphs of all materials tested and the blank 

increased and were in a similar trend. CO2 was generated as a result of metabolic 

process [32] throughout 60 days of the test, suggesting that microbial could consume 

the compost or PLA and PLA composites as carbon sources.  

 

 

 

Figure 4.17  Cumulative CO2 evolutions during biodegradation test 
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Table 4.6  Appearance of PLA and PLA based composites before and after 

biodegradation test 

 

Specimens 

 Before  

biodegradation test 

 

After   

 biodegradation test 

 (60 days) 

PLA 

  

W5P 

  

W10P 

  

1.5ZP 

  

1.5ZW5P 

  

1.5ZW10P 

  

1.5TP 

  

1.5TW5P 

  

1.5TW10P 
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Appearances of all specimens before and after biodegradation tests are given in        

Table 4.6 which shows that all composite formulations tested was attacked by the 

microorganism during the test period. Biodegradation test results for PLA and PLA 

composites are shown in Figures 4.18-4.20. The results were divided into three 

categories: (i) PLA and wood/PLA (Figure 4.18); (ii) PLA and wood/PLA incorporating 

Zeomic (Figure 4.19); and (iii) PLA and wood/PLA incorporating triclosan (Figure 

4.20), respectively. Each category was further subdivided into three different periods of 

incubation time: zone 1 (1–20 days); zone 2 (21–40 days); and zone 3 (41–60 days). In 

order to obtain a better understanding of the biodegradation behavior of PLA and PLA 

composites, the biodegradation rates for different time periods were calculated and are 

given in Table 4.7.   

 

Table 4.7  Biodegradation rates for PLA and wood/PLA composites with and 

without the addition of Zeomic or triclosan (1.5 wt%) 

 

Specimens 
Biodegradation rate in fixed period (%/day) 

1-20 days 21-40 days 41-60 days 

PLA 0.12 0.39 0.32 

W5P 0.08 0.50 0.43 

W10P 0.08 0.33 0.54 

1.5ZP 0.18 0.24 0.45 

1.5ZW5P 0.16 0.34 0.58 

1.5ZW10P 0.19 0.52 0.72 

1.5TP 0.00 0.58 0.39 

1.5TW5P 0.00 0.37 0.54 

1.5TW10P 0.00 0.43 0.63 

 

 

For PLA and wood/PLA (Figure 4.18), the graphs showed a slow increase in 

biodegradation levels for the first 20 days (zone 1), especially for PLA containing 5% 

and 10% wood. After 20 days (at the beginning of zone 2), the degradation rates of 
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wood/PLA became faster. Finally, after 60 days of incubation (at the end of zone 3), the 

wood/PLA systems exhibited better degradation performances than neat PLA, with 

degradation levels of 19.97%, 18.99% and 16.59% for W5P, W10P and PLA, 

respectively. Table 4.7 shows that the degradation rates of wood/PLA started at 

0.8%/day, which was lower than the rate of 0.12%/day for PLA. As indicated in the 

DSC thermogram (Figure 4.12), wood enhanced the crystallization of PLA; this plays 

an important role in retarding the hydrolysis reaction, which is the main chemical 

reaction in the biodegradation process. The crystalline structure of PLA takes a longer 

time to hydrolyze at the ester linkages and become lower in molecular weight [22], 

when it can be more easily digested by microorganisms. The degradation rates 

increased after 20 days, to 0.39, 0.50 and 0.33%/day (for W5P, W10P and PLA, 

respectively) for the second period (zone 2; 21–40 days) of the test. Finally, during the 

third test period (zone 3; 41–60 days), the degradation rates of PLA, W5P and W10P 

rose to 0.32, 0.43 and 0.54%/day, respectively. It can be observed that the 

biodegradation rate of W5P became higher than that of neat PLA in zone 2, and that 

both W5P and W10P had higher rates than PLA in zone 3. Although wood created 

crystalline regions in PLA (as indicated by the DSC thermogram, Figure 4.12), wood 

particles are also known to be highly hydrophilic, containing hydroxyl groups (–OH) 

that can absorb water molecules. The absorption of moisture initiated the hydrolysis 

reaction, which influenced the comparatively higher biodegradation rates of wood/PLA 

during zones 2 and 3. Therefore, it could be said that wood particles can be considered 

to be a “biodegradation promoter” for PLA. 
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Figure 4.18  Degree of biodegradation for PLA and wood/PLA composites 

 

For Zeomic systems (Figure 4.19), biodegradation occurred rapidly, beginning in the 

first zone. The similar patterns of biodegradation occurred in zones 2 and 3 but to an 

increased degree, especially for 1.5ZW10P. Ultimately, the biodegradation levels of 

1.5ZP, 1.5ZW5P and 1.5ZW10P after 60 days of incubation were 17.32, 21.50 and 

28.61%, respectively. Table 4.7 shows that the biodegradation rates increased sharply 

throughout the 60-day testing period, particularly with the presence of 10% wood. As 

discussed earlier, the Si–OH bonding as a function of zeolite, together with the 

hydrophilic wood particles, could absorb water molecules from the environment, 

thereby initiating the hydrolysis reaction. Therefore, the biodegradation rates of 1.5ZP, 

1.5ZW5P and 1.5ZW10P after 60 days of incubation were 0.45, 0.58 and 0.72%/day, 

respectively, which were the highest degradation rates compared with the other systems. 

These results clearly suggested that Zeomic could also act as a biodegradation promoter 

for PLA. 
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Figure 4.19   Degree of biodegradation for PLA and wood/PLA composites with  

Zeomic  

 

For triclosan systems (Figure 4.20), the degree of biodegradation of all specimens was 

zero during the first 20 days. However, substantial degradation began to occur in zone 

2. In zone 3, the biodegradation levels continued to steadily increase until day 60 of the 

test, when the biodegradation levels of 1.5TP, 1.5TW5P and 1.5TW10P reached 19.45, 

18.12 and 21.20%, respectively. Table 4.7 shows that the biodegradation rates were 

0%/day during the first 20 days because none of the microorganisms could attack the 

specimens. Triclosan can kill or inhibit bacterial growth above 80%. Triclosan is 

released from the PLA surface and prevents the surrounding microorganisms from 

attacking the PLA. This suggests that triclosan acted as a biodegradation retarder for 

PLA. However, the degradation rates in zone 2 increased dramatically, from 0 to 0.58, 

0.37 and 0.43%/day for 1.5TP, 1.5TW5P and 1.5TW10P, respectively. Although 

triclosan could protect the PLA from microbial attack, the hydrolysis reaction also 
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occurred simultaneously. Therefore, over time the concentration of triclosan may not be 

sufficient to protect PLA from attack by microorganisms, the biodegradation rate took 

place abruptly. During days 41–60 of the test, the biodegradation rates were 0.39, 0.54 

and 0.63%/day for 1.5TP, 1.5TW5P and 1.5TW10P, respectively, showing an increase 

only for the samples containing wood. 

 

 

Figure 4.20  Degree of biodegradation for PLA and wood/PLA composites with 

triclosan 
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4.2  Effect of Organoclay Incorporation on Mechanical, Barrier and 

Thermal Properties and Anti-bacterial Performance of PLA and 

PLA composites with triclosan and Wood Flour 

 

In this section, the effect of organoclay incorporation on mechanical, barrier and 

thermal properties and anti-bacterial performance of PLA and PLA composites with 

triclosan and wood Flour were studied 

 

4.2.1  Mechanical properties 

 

Figures 4.21-4.24 show the mechanical properties of PLA and 10% wood/PLA 

composites with and without 1.5% triclosan filled with different concentrations of 

Cloisite
® 

30B. It was observed that the mechanical properties (Young‟s modulus, 

Elongation at break and impact strength) of PLA and PLA based composite as a 

function of Cloisite
® 

30B did not change significantly with clay content. For example, 

the modulus of the neat PLA changed from 3.80 GPa to 3.89, 3.88 and 3.93GPa (Figure 

4.21) whereas elongation at break changed from 2.87% to 2.32, 2.71 and 2.51% when 

0.5, 1 and 2% clay were added (Figure 4.23), respectively. However, tensile strength 

was found to drop (Figure 4.22). Tensile strength of neat PLA decreased from 62.36 

MPa to 56.13, 55.16 and 52.55MPa with 0.5, 1 and 2% clay loaded (Figure 4.22), 

respectively. In general, tensile strength of organoclay/polymer composites has been 

found to increase with clay content, however, a drop in tensile strength property of the 

clay/polymer composites was also found by some authors [93, 94]. The reason of this 

difference is still unclear. However, Zaidi et.al. suggested that the decreasing 
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phenomena could be considered as a result of the delamination between the polymer 

matrix and silicate interlayer [93].  

 

 

 

Figure 4.21  Young‟s modulus of PLA and PLA based composites with different 

concentration of triclosan and Cloisite
® 

30B (solid and dashed lines are 

PLA and wood/PLA systems, respectively) 

 

For the wood/PLA specimens, the higher rigidity of 10% wood was found to increase 

the modulus of the PLA. The lesser rigidities thermoplastics often underwent this effect 

[82, 83]. On the other hand, tensile strength, elongation at break and impact strength 

decreased with the addition of 10% wood (Figures 4.22-4.24). For example, tensile 

strength, elongation at break and impact strength of the neat PLA decreased from 60.36 

MPa, 2.87% and 31.76J/M to 49.23MPa, 1.54% and 29.64J/M, respectively . The drop 

in the mechanical properties was due to weak compatibility between the wood and PLA 

[69, 70] while the effect of triclosan compounding did not show definite trend because 

of small amount of the triclosan loaded. 
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Figure 4.22  Tensile strength of PLA and PLA based composites with different 

concentration of triclosan and Cloisite
® 

30B (solid and dashed lines are 

PLA and wood/PLA systems, respectively) 

 

 
 
 
Figure 4.23  Elongation at break of PLA and PLA based composites with different 

concentration of triclosan and Cloisite
® 

30B (solid and dashed lines are 

PLA and wood/PLA systems, respectively) 
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Figure 4.24  Impact strength of PLA and PLA based composites with different 

concentration of triclosan and Cloisite
® 

30B (solid and dashed lines are 

PLA and wood/PLA systems, respectively) 

 

4.2.2  Thermal property and Clay dispersion analysis 

 

The glass transition (Tg), melting (Tm) temperatures and the percentage of crystallinity 

(Xc) of PLA and PLA composites are given in Table 4.8. The Tg values of the PLA, CP 

and WP were around 60
o
C. It can be seen that the addition of clay and triclosan did not 

affect the Tg values for all loadings used. On the contrary, Tm values of the PLA were 

affected obviously by the presence of wood and Cloisite
® 

30B. The Tm peak of the PLA 

based composites shows a double melting peak (figures not shown) resulting in two Tm 

values which paid responsibility to crystallinity level of the composites to be increased. 

The Tm of the neat PLA was split from 153.0 to 143.4 (Tm1) and 155.2(Tm2) and 

148.5(Tm1) and 157.8(Tm2) when 0.5% clay and 10% wood were compound, 

respectively. The percentage of crystallinity of the PLA specimens increased when 

wood and Cloisite
®
 30B were filled especially, at 10% wood loading. The nucleating 

agent wood  increased the crystallinity level of PLA up to 37.49% and 39.45% for WP 
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and TWP, respectively. Similar to wood fiber, Cloisite
® 

30B also increase amount of 

crystalline of the PLA significantly. The percentage of crystallinity increased with the 

0.5% clay and then started to drop when 1% and 2% clay were added. The crystallinity 

percentage of the neat PLA changed from 20.3% to 29.7%, 15.5% and 22.5% by 0.5%, 

1% and 2% clay addition, respectively.   

 

Table 4.8  Thermal properties of PLA and PLA based composites 

 

Specimens 

Glass transition 

temperature 
(Tg) 

Melting temperature 

(Tm) 
Percent of 

crystallinity 

(%Xc) Tm1 Tm2 

PLA 60.42 152.98 20.3 

0.5CP 60.21 143.37 155.23 29.7 

1CP 60.57   143.31 155.59 15.5 

2CP 60.99 150.89 160.47 22.3 

TP 59.80 151.05 17.3 

0.5CTP 59.84 148.60 155.21 27.2 

1CTP 59.75 149.41 159.48 27.9 

2CTP 59.86 150.20 159.87 22.2 

WP 60.63 148.49 157.78 37.5 

0.5CWP 60.56 148.62 158.01 39.4 

1CWP 60.33 149.52 158.19 26.9 

2CWP 59.09 147.79 157.38 28.0 

TWP 59.00 147.48 157.09 39.5 

0.5CTWP 58.74 146.93 156.88 32.4 

1CTWP 58.05 146.26 156.43 24.4 

2CTWP 58.17 146.60 156.32 20.9 

 

 

Figures 4.25a-b shows XRD patterns of pure Cloisite
®
 30B, PLA and 10% wood/PLA 

with different concentrations of clay. In general, if there is no clay platelets separation 

(immiscible), the XRD pattern of the composites would show the same as observed 

from the clay powder. For the complete dispersion of clay (exfoliation), no X-ray peak 

scan is exhibited because the distances between platelets would be larger than the 

limitation of wide angle X-ray can detect. In the case where an “intercalation” occurs, 
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the peak shifts of lower 2θ or larger d-spacing will exhibit, showing that the platelets 

have expanded [29].  

 

 
 
  

 
 
 
Figure 4.25  XRD patterns of Cloisite

®
 30B  and PLA based composite with Cloisite

®
 

30B loading of 0.5–2%wt: (a) Cloisite
®
 30B/PLA composites; (b)  

Cloisite
® 

30B /W10/ PLA composites 
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The characteristic peak of Cloisite
®
 30B occurred at 2θ = 4.78° with the layer distance 

of d (0 0 1) = 18.54Å. But, in this work, no X-ray peaks were shown for all composite 

samples, meaning that there were no immiscible composites that occurred. For 1.0% 

and 2.0% Cloisite
®
 30B loadings, the specific peak of 1 and 2%wt CP shifted to lower 

angle from 2θ = 4.78° to 2.02 and 2.26° at d spacing (0 0 1) values of 43.85 and 

39.20Å, respectively. The peak of WP added with 2% Cloisite
®
 30B also shifted to 

lower angle at 2θ = 2.22° d spacing (0 0 1) value of 39.90Å. These indicated that the 

intercalation dispersion had exhibited for 1CP, 2CP and 2CWP samples, except for 

1CWP sample. For 0.5% Cloisite
®
 30B loading for PLA, there were no X-ray peak was 

given for both PLA and WP composites (Figures 4.25a and 4.25b) while the 

crystallinity level of these specimens raised up from 20.3 to 29.7 and 39.35% for 0.5CP 

and 0.5CWP, respectively (Table 4.8). This indicated that 0.5% Cloisite
® 

30B exhibited 

the exfoliation dispersion which provided more surface area and facilitated 

nanoparticles to act as nucleating agent for PLA. The similar phenomena also was 

found by Das. et al [95]. In the case of 1CWP, there was no Cloisite
®
 30B characteristic 

peak while the percentage of crystallinity dropped from 37.49% to 26.86%, suggesting 

that this was not the exfoliation dispersion. It was postulated that the influence of high 

dosage of wood as compared with Cloisite
®
 30B content disturbed the detection of 

XRD scan which resulted in the disappearance of the occurrence of intercalated 

characteristic peak. 
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4.2.3  Antibacterial property 

 

The quantitative antibacterial evaluations for PLA, 1.5% triclosan/PLA with and 

without 10% wood at the different concentrations of Cloisite
®
 30B are given in the 

Figure 4.26a-d. For all control samples, E. coli grew up continuously when contact time 

was increased. The E. coli grown up behavior for pure PLA sample (Figure 4.26a) was 

similar to the control. This reveals that the neat PLA did not disturb the growth of 

bacteria. But the growth rate was noted to be slower for Cloisite
®
 30B added specimens, 

indicating that the clay could inhibit the bacterial growth rate. The antibacterial activity 

of organoclay Cloisite
®
 30B was caused by the operation of quaternary ammonium 

groups between the silicates layers which are extensively used as cationic bactericide to 

prohibit the microorganism growth [96]. The viable cell count of E. coli in comparison 

with the control sample for 60 - 240 min. contact time decreased obviously when the 

clay content was increased (Figure 4.26b). This means that both triclosan and Cloisite
®
 

30B could be active to kill or retard the E. coli under the testing conditions. The 

addition of 10% wood affected the bacterial inhibition of Cloisite
®
 30B (Figure 4.26c) 

in CP samples. The changes in E. coli viable cell count were not significant in 

comparison with the control, even when 2% clay was added. But, the E. coli colony 

forming unit of CTP by the presence of 10% wood did not affect significantly (Figure 

4.26d). The E. coli viable cell count of CTWP decreased with the Cloisite
®
 30B content 

and contact time. In comparison between Figure 4.26c and 4.26d, at 240 minute contact 

time, the E. coli viable cell count of control samples of CWP (Figure 4.26c) and CTWP 

(Figure 4.26d) were about 8.4 and 8.5 log (cfu/ml) while the viable cell count of the 

same samples were changed to around 8.1 and 7.4 log (cfu/ml) when 2% clay were 
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compounded, suggesting that the wood could affect the antibacterial activity of the 

Cloisite
®
 30B but could not affect the antibacterial efficiency of the triclosan. 
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Figure 4.26  Viable cell count of E.coli with 0.5–2%wt Cloisite

®
 30B loading for        

0–240 min. contact time: (a) Cloisite
®
 30B/PLA composites; (b) Cloisite

®
 

30B/1.5% triclosan/PLA composites; (c) Cloisite
®
 30B/W10/PLA 

composites; (d) Cloisite
®

 30B/1.5% triclosan/W10/PLA composites 

 

In order to understand antibacterial performance, the viable cell count was changed to 

percent bacteria reduction. Table 4.9 shows percent bacterial reductions at different 

contact times for PLA, 10% wood/PLA and 1.5% triclosan/10% wood composites with 

Cloisite
®
 30B loadings of 0.5-2.0 wt%. It can be seen that both neat PLA and WP did 

not show antibacterial performance, but when the clay was added, the antibacterial 

performance has been improved greatly with PLA up to 78.85% for 2% clay at 240 min. 

contact time while the best antibacterial performance of the WP was 52.79% for 1 % 

clay added at 240 minutes of contact time. Because Cloisite
®
 30B consists of 

Quaternary ammonium functional group, the functional group can kill bacteria by 

denaturing cell membranes and release the intracellular components. The Quaternary 

ammonium compounds are also show bacteriostatic at low concentrations and 

bactericidal at high concentrations.  For PLA and WP compounded with 1.5% triclosan, 

it was clear that the triclosan was active under the testing conditions, moreover TWP 
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showed the better antibacterial activity than the TP. This could be due to the fact that 

wood could act as the antibacterial promoter for the triclosan/PLA composites by 

interrupting the interaction between the Triclosan and PLA and absorbs more water 

molecules to leave triclosan to be free and easy to migrate out of the polymer matrix. 

However, at the presence of Cloisite
®
 30B, the antimicrobial result of TWP was slightly 

worse than that of TP. Antibacterial result of 2CTP and 2CTWP at 240 min. contact 

time were 92.14% and 97.22, respectively. The wood particles could play a vital role in 

obstructing the quaternary ammonium groups of Cloisite
®
 30B to move to the PLA 

surface and kill the bacteria, resulting in the drop in antibacterial performance of the 

WP and TWP in a presence of clay. 
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Table 4.9  Percentage of  bacterial reductions at different contact times for PLA, 10%wood/PLA  and 1.5% triclosan/10% wood/PLA 

composites with Cloisite
®
 30B  loadings of 0.0 – 2.0 wt%  

 

Specimens 
Contact time 

(min.) 

 Percentage of bacterial reduction (%) 

0.0% 0.5%  1.0%   2.0%  

0%WF 10%WF 0%WF 10%WF 0%WF 10%WF 0%WF 10%WF 

PLA 

60 7.46 0.00 38.80 6.06 47.76 22.72 37.31 36.36 

120 10.46 0.00 40.70 15.00 48.84 25.00 67.44 40.13 

180 0.00 5.56 37.66 35.56 71.42 31.11 77.27 38.89 

240 0.38 0.00 50.77 33.48 73.07 52.79 78.85 44.26 

1.5TP 

60 87.69 58.90 87.66 54.79 86.15 54.79 83.07 61.64 

120 66.39 77.78 63.03 83.70 87.39 85.18 98.32 87.41 

180 74.00 93.06 90.50 91.20 96.00 90.13 97.50 92.13 

240 80.56 90.94 86.11 92.15 94.44 93.35 97.22 92.14 

1
2
5
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4.2.4  Barrier properties 

 

Water vapor permeability (WVP) 

 

The effect of Cloisite
® 

30B loading on the WVP of the PLA and PLA based composites 

are shown in Figure 4.27.  At 0% clay, the PLA had the most WVP at 8.24 x 10
-11 

g.mm/mm
2
.h.Pa while 1.5% triclosan/PLA had lowest WVP at 7.26 x 10

-11 

g.mm/mm
2
.h.Pa. From Table 4.5, it was found that the water contact angle of the pure 

PLA increased from 58.6° to 68.8° when 1.5% triclosan was added. This indicated that 

the triclosan made the PLA to be more hydrophobicity and harder for water molecules 

to penetrate. It was interesting to note that the highly hydrophilic wood also reduced the 

WVP property of the PLA. This is because the wood particles increase the crystallinity 

of PLA from 20.3% to about 4 %. The more crystalline and denser polymer structures 

lead to the lesser water penetration into the polymer surface. WVP of all testing 

formulations decreased with the Cloisite
®
 30B loading. For example, WVP of TWP 

changed from 7.7 x 10
-11 

g.mm/mm2.h.Pa to 6.69 and 6.46 x 10
-11 

g.mm/mm2.h.Pa 

when 0.5 and 2% clay were added, respectively. Improving  water vapor permeability of 

the clay/PLA composites could be attributed to the impermeable clay silicate layer 

distributed in the polymer matrix [13]. These clay/polymer composites usually have 

strong barrier properties because the clay layers retard the diffusing molecule pathway 

due to tortuosity. Clays are essentially impermeable inorganic crystals, gas molecules 

have to permeate around the crystals instead of permeation in a straight line path which 

takes longer mean path and time for gas absorption though these clay/polymer 

composites [97]. Thus, the water molecules have to take longer time to go through these 

silicate layers resulting in the improved WVP. 
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Figure 4.27  Water vapor permeabilities of PLA and PLA based composites as a 

function of Cloisite
® 

30B loading 

 

 

Oxygen permeability 

 

The oxygen permeability results of tested films are shown in Figure 4.28. Oxygen 

permeability of the PLA decreased when triclosan, wood flour and Cloisite
®
 30B were 

added.  The oxygen permeability value of the pure PLA was 9.36 cc.mm/m
2
.day but 

decreased to 8.47, 8.74 and 7.18 cc.mm/m
2
.day for TP, WP and TWP, respectively. 

TWP had less oxygen permeability value than WP, TP and neat PLA by 1.56, 1.29 and 

2.18 cc.mm/m
2
.day, respectively.  Hence, the better dispersion of chemical components 

showed the better films barrier property.  This also indicated that all the materials 

blended affected the oxygen permeability of PLA films by obstruction of oxygen 

molecules to penetrate through the surface of PLA films. When considering the 
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Cloisite
® 

30B content, the oxygen permeability was found to decrease with the clay 

loading.  

 

 

 

Figure 4.28  The effect of Cloisite
® 

30B loading on oxygen permeabilities of PLA and 

PLA based composites 

 

The barrier property of all films increased reasonably when Cloisite
®
 30B was added as 

compared with the films without Cloisite
®
 30B especially, 0.5CWP due to the 

exfoliated dispersion as discussed in X-ray diffraction pattern. However, the oxygen 

barrier properties slightly performed with the higher clay loading due to the more 

impermeable silicate layer content dispersed in the polymer matrix. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORKS 

 

5.1  conclusions 

 

Effect of wood flour and antibacterial agents loading on the mechanical, 

antibacterial and biodegradable properties of PLA and PLA based composites 

 

- Young‟s modulus was found to increase; and the tensile strength, elongation at 

break, and impact strength decreased with increasing wood content. 

- For Zeomic system, the tensile strength, elongation at break, and impact strength of 

PLA and wood/PLA incorporated with Zeomic dramatically dropped, especially at 

a presence of 10% wood, because of the degradation of the PLA matrix as a result 

of a hydrolysis reaction between PLA, water molecules in the zeolite structure and 

absorbed water molecules by the wood particles. 

- The effect of triclosan loading on the mechanical properties of PLA and wood/PLA 

did not show a clear trend which could be attributed to the triclosan did not involve 

in the hydrolysis reaction. Another possible reason is that the dosage of triclosan 

used was relatively small. 

- The wood and Zeomic were found to perform as rigid foreign particles that create 

crystalline regions of the PLA. 

- Triclosan achieved on killing efficiency for both S.aureus and E.coli bacteria, 

while Zeomic was ineffective. 
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- The wood particles promoted bacterial killing efficiency of the triclosan by 

interruption the hydrogen bond between the triclosan and PLA and also absorbed 

water molecules which facilitated the triclosan to migrate onto the PLA surface to 

kill the bacteria 

- Wood and Zeomic were found to promote the rates of biodegradation of PLA and 

wood/PLA composites, whereas triclosan was found to retard their biodegradation. 

 

Effect of Organoclay Incorporation on Mechanical, Barrier and Thermal 

Properties and Anti-bacterial Performance of PLA and PLA composites 

with triclosan and Wood Flour 

 

- The effect of triclosan and Cloisite
®
 30B compounding did not change the 

mechanical properties and glass transition temperature of the PLA. 

- Tm values of the composites exhibited double peak characteristic , by the presence 

of wood and Cloisite
®
 30B, which was related to an increase in crystallinity level. 

- Antibacterial activity of the PLA composites was improved with the Cloisite
® 

30B 

content, and this was attributed to cationic bactericide quaternary ammonium group 

between the silicates layers. 

- The barrier property of all composite films increased reasonably when Cloisite
®
 

30B was added as compared with the films without Cloisite
®
 30B, especially 

0.5CWP as a result of the exfoliate dispersion. 
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5.2  Future works  

 

According to the dissertation pointed several interesting directions for future work, the 

present study would be extended as the follows 

-    Comparative studies for the influences of material variables, e.g. types of polymer 

matrix, polymer blends (biodegradable polymers, such as, starch and PLA), types 

and contents of additives (such as, trimethylolpropane triacrylate (TMPTA) as anti-

hydrolysis agent) and mixing of antibacterial agents 
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