
©Smithers	Information	Ltd.,	2014

1. INTRODuCTION

Currently, demand for plastic industry 
is rising in many applications, such 
as, plastic bag, food packaging, 
electronic	 and	 automotive.	 Among	
these applications, plastic packaging 
has good production value as well 
as	profit.	Most	of	plastics	being	used	
are from non-renewable sources, 
but	 lower	than	10%	of	plastics	were	
recovered	 in	 USA1. Now, it is time 
to produce biodegradable packaging 
materials for environmental and health 
concerns. Thus, biodegradable plastics 
have become more attractive for 
many researchers2-6. Polylactic acid or 
polylactide	(PLA)	is	a	biodegradable,	
thermoplastic, and aliphatic polyester 
derived from renewable resources, 
such as, corn starch which has a wide 
range of food packaging applications. 

For	such	applications,	PLA	products	
need to be highly hygienic or have anti-
microbial	properties.	An	extensive	way	
to	access	active	PLA	packaging	product	
is incorporation of antimicrobial agents 
with	PLA.	Biodegradable	reinforcing	
materials,	 such	 as,	 wood	 flour,	 are	
extensively	used	for	producing	wood	
polymer	composites	(WPC)	due	to	its	
several	 advantages	 (reduce	 polymer	
matrix	used,	increase	modulus,	lower	
density and cost2).	Addition	of	wood	
makes	 PLA	 more	 environmentally	
friendly	 and	 wood/PLA	 packaging	
products	are	hygienic	and	has	efficiency	
to inhibition of bacterial growth during 
their service, and they should be 
quickly	 biodegradable	 after	 service	
life. Recently, Prapruddivongs and 
Sombatsompop3 studied the effect 
of Triclosan loading on antibacterial 
property	 of	 wood/PLA	 composites	

using	plate	count	agar	(PCA)	technique	
and found that, Triclosan had ability 
to kill or retard Escherichia coli 
(E.coli)	growth	rate	up	 to	83.40	and	
96.78%	for	neat	PLA	and	10%	wood/
PLA,	 respectively.	 This	 exhibited	 a	
good	 alternative	 for	 PLA	 packaging	
applications. 

Barrier	 property	 is	 one	of	 important	
properties for food packaging because 
good barrier property can potentially 
extend	 food	 quality	 and	 shelf	 life4. 
PLA	 is	 an	 appropriate	 candidate	 for	
packaging end-use application and 
has limitations in gas barrier property 
which should be improved5. This 
drawback can be enhanced by general 
technique	copolymerization,	blending	
and	filling	 techniques.	But,	 the	filler	
incorporation, especially organoclay 
into	 the	 PLA	 matrix,	 has	 the	 most	
attention because of cost-saving and 
good barrier property6. These clay/
polymer composites have strong barrier 
properties because the clay layers 
retard the diffusing molecule pathway 
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Polylactic	acid	(PLA)	 is	a	biodegradable	polymer	which	has	a	wide	range	of	applications;	 in	 this	work,	all	
PLA	based	composites	 formulations	were	compounded	by	 twin	screw	extruder	and	 testing	specimens	were	
produced. This article focuses 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%	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/mm2.h.Pa	for	triclosan/PLA	specimens.	All	PLA	composites	samples	with	0.5%	clay	content	showed	a	
significant	increase	in	oxygen	barrier	property.	
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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 
composites7.

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	composites8. 
Moreover Cloisite®	 30B	 could	 also	
reduce	permeability	of	PLA10 and also 
showed a bacteriostatic function against 
Listeria monocytogenes11. 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	 techniques9. 
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).	

The	main	objectives	of	this	study	are	
to	prepare	Triclosan/organoclay/PLA	
and	 Triclosan/organoclay/wood/PLA	
composites through melt blending and 
to understand the effects of organoclay 
loading on barrier-mechanical and 
antibacterial properties.

2. ExPERIMENTAL

2.1 Materials and Chemicals
PLA	 (2003	D-	NatureWorks,	USA)	
with	of	specific	gravity	of	1.24	and	
MFI	of	5-7	g/10	min	used	as	matrix	
material.	Triclosan	(2,4,4’-trichloro-
2’-hydroxydiphenylether)	(Koventure	
Co. Ltd., Thailand) with melting 
temperature	 of	 56-58	 °C	 and	 a	
decomposition temperature of 
280	°C	was	selected	as	antibacterial	
agent.	Wood	 flour	 with	 an	 average	
particle	 range	 of	 100-300	 mm was 
used and supplied by V.P. Wood 
Co.,	 Ltd.,	 Bangkok,	 Thailand.	
Amino-silane	 N-2-(Aminoethyl)-3-
aminopropyltrimethoxysilane	(KBM	
603,	 Shin-Etsu	 Chemical	 Co.	 Ltd.,	
Japan) was used as chemical coupling 
agent to improve compatibility 
between	the	PLA	and	wood.	Organo-
modified	clay	Cloisite	30B	(Southern	
Clay	Products	 Inc.,	USA)	was	used	

for	improving	barrier	property.	Gram-
negative Escherichia coli (E. coli, 
ATCC	 25922)	 was	 used	 as	 testing	
bacteria.

2.2 Composite Specimen 
Preparation
Wood	 flour	 was	 treated	 with	 1.0%	
silane	 coupling	 agent	 Amino-silane	
KBM	603	and	then	dried	in	an	80	°C	
oven	 3	 days.	 Dried	 PLA	 at	 70	 °C	
overnight	 was	 then	 mixed	 with	 the	
treated wood, Triclosan and Cloisite® 
30B	 using	 a	 high	 speed	 mixer.	 The	
PLA	and	PLA	composite	formulations	
including their designations are 
given in Table 1. Compounding of 
the	 mixture	 was	 carried	 out	 using	
a	 twin	 screw	 extruder	 at	 180	 °C	
(Polylab-	Rheomex	CTW	100P,	Haake,	
Germany).	 The	 extrusion	 was	 done	
under	 50	 rpm	 screw	 rotating	 speed	
and temperatures used from feed to die 
zones	were	170,	180,	180,	180	and	170	
°C,	respectively.	The	extrudate	dried	at	
70	°C	overnight	after	pelletised,	was	
then	compression	molded	(at	160	°C	
and	150	kg/cm2)	to	film	thickness	of	
1	 and	 0.5	 mm	 for	 antibacterial	 and	
permeability tests, respectively. There 
are two steps involved in preparing 
the sample. First, the pellets were 

Table 1. PLA composite formulations
Sample code Ingredient and content

PLA (P, wt%) Cloisite® 30B (C, wt%) Triclosan (T, wt%) Wood flour (W, wt%)

P 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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preheated	for	5	min	and	then	held	at	the	
compression	pressure	for	3	min	before	
cooling down to room temperature.

2.3 Mechanical Properties
The	 mechanical	 properties	 (Young’s	
modulus, tensile strength and elongation 
at break) were studied using a universal 
testing	machine	using	ASTM	D638-8.	
The notched Charpy impact strength 
was determined by an impact testing 
machine	using	ASTM	D6110-10.

2.4 Antibacterial Activity 
Evaluations
Antibacterial	evaluation	was	performed	
by	 plate	 count	 agar	 (PCA)	 method	
in	 accordance	 with	 ASTM	 E2149	
(2001).	In	this	test,	two	film	samples	
of	2.5	x	5cm2	were	placed	in	the	flasks	
containing	 50	 ml	 of	 diluted	 E. coli 
inoculums	with	optical	density	(OD)	
of	0.1.	Then,	flasks	were	placed	on	a	
reciprocal	shaker	at	37	±	0.5	°C	at	a	
shaking	rate	of	100	rpm.	The	contact	
times	used	were	0,	60,	120,	180	and	
240	min,	respectively.	The	contact	time	
is the time in which testing samples had 
been	shaken	 in	 the	flasks	filled	with	
diluted E. coli	inoculums	(OD	=	0.1).	
The	bacterial	solution	of	100	μL was 
placed and spread on agar in sterilized 
petri dishes. The sterilized petri dishes 
were	kept	in	an	incubator	for	24	h	at	37	
±	0.5	°C.	The	antibacterial	evaluation	
was determined by counting the living 
cell bacteria colonies and more details 
can be found elsewhere3.

2.5 Water Vapor Permeability

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 
using	39	°C	with	90%	RH.	The	silica	
gels	were	weighed	after	1	week.	WVP	
was calculated by using the standard 
water	permeability	Equation	(1):

WVP = (permeance× t)
Δp  (1)	

where permeance is the rate of water 
vapor	transmission	(g/mm2h), t is the 
average	film	thickness	(mm)	and	∆p	is	
the vapor pressure difference between 
both	sides	of	film	(Pa).

2.6 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.	 0.5	mm	 thick	 films	were	
placed in the chamber which permeated 
oxygen	passing	each	film	over	a	certain	
period	 detected	 by	 oxygen	 sensor.	
To ensure no leaked gas, O-ring and 
silicone grease were applied between 
the	films	and	chamber	wall.	Each	film	
was	examined	using	two	steps,	the	first	
step was to check the leak checking 
between	 the	 film	 and	 chamber	 wall	
while second step was to determine 
amount	 of	 oxygen	 passing	 the	 PLA	
film	during	test	(each	step	was	done	
by	10	cycles	with	took	45	min	each).

2.7 Characterizations
Differential scanning calorimetry 
(DSC;	TA	Instruments	Q1000,	USA) 
was used to study the thermal behavior 
of the samples, including glass 
transition	 temperature	 (Tg), melting 
temperature	 (Tm) and percentage 
of	 crystallinity	 (Xc). The tests were 
performed in temperature range of 
30	to	200	°C	before	cooled	down	to	
30	°C,	re-heated	again	to	200	°C	and	
finally	cooled	down	to	10	°C/min	with	
nitrogen. 

X-ray	 diffraction	 (XRD)	 patterns	 of	
PLA	composites	were	collected	from 
a Rigaku X-ray diffractometer,	(CuK

α
 

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	 as	 given	 in	
Equation	(2):

nλ = 2d sinθ 	 (2)

3. RESuLTS AND 
DISCuSSION

3.1 Mechanical Properties
Figures 1a-d shows 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	3.93	GPa	
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,	
respectively. However, tensile strength 
was found to drop. 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,	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 authors14,15. The reason of this 
difference is still unclear. However, 
Zaidi et al. suggest that the decreasing 
phenomena could be considered as a 
result of the delamination between the 
polymer	matrix	and	silicate	interlayer14. 
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 effect12,13. On the other 
hand, tensile strength, elongation at 
break and impact strength decreased 
with	 the	 addition	 of	 10%	 wood.	 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	49.23	MPa,	1.54%	and	
29.64J/M,	respectively	.	The	drop	in	the	
mechanical properties was due to weak 
compatibility between the wood and 
PLA16,17 while the effect of Triclosan 
compounding	 did	 not	 show	 definite	
trend because of small amount of the 
Triclosan loaded.
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3.2 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 2. The 
Tg	values	of	the	PLA,	CP	and	WP	were	
around	60	°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 wood18 increased 
the	 crystallinity	 level	 of	 PLA	 up	 to	
37.49%	and	39.45%	for	WP	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.	

Figures 2a-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 

Figure 1a. Mechanical properties of PLA and PLA based composites (solid line and 
dashed line are PLA and wood/PLA composites, respectively) :(a) young’s modulus

Figure 1b. Mechanical properties of PLA and PLA based composites (solid line and 
dashed line are PLA and wood/PLA composites, respectively): (b) tensile strength

Figure 1c. Mechanical properties of PLA and PLA based composites (solid line and 
dashed line are PLA and wood/PLA composites, respectively): (c) elongation at break
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where an “intercalation” occur the peak 
shifts	of	lower	2θ or larger d-spacing 
will	exhibit,	showing	that	the	platelets	
have	 expanded19. 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 2a and 
b) 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 2). 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 K. et al.20. 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.

3.3 Antibacterial Property
The	 quantitative	 antibacterial	
evaluations	for	PLA,	1.5%	Triclosan/
PLA	with	and	without	10%	wood	at	the	
different concentrations of Cloisite® 

Figure 1d. Mechanical properties of PLA and PLA based composites (solid line and 
dashed line are PLA and wood/PLA composites, respectively): (d) impact strength

Table 2. Thermal properties of PLA and PLA based composites
Sample code Glass transition 

temperature
(Tg)

Melting temperature 
(Tm)

Percent of 
crystallinity (%Xc)

Tm1 Tm2

PLA 60.4 153.0 20.30
0.5CP 60.2 143.4 155.2 29.70
1CP 60.6 	143.3 155.6 15.50
2CP 61.0 150.9 160.5 22.30
TP 59.8 151.1 17.32
0.5CTP 59.8 148.6 155.2 27.17
1CTP 59.8 149.4 159.5 27.94
2CTP 59.9 150.2 159.9 22.22
WP 60.6 148.5 157.8 37.49
0.5CWP 60.6 148.6 158.0 39.35
1CWP 60.3 149.5 158.2 26.86
2CWP 59.1 147.8 157.4 27.95
TWP 59.0 147.5 157.1 39.45
0.5CTWP 58.7 146.9 156.9 32.44
1CTWP 58.1 146.3 156.4 24.38
2CTWP 58.2 146.6 156.3 20.90

30B	 are	 given	 in	 the	Figures 3a-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 3a) was similar to the control. 
This	reveals	that	the	neat	PLA	did	not	
disturb	the	growth	of	bacteria.	But,	the	
growth rate was noticed 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 growth21. 
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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 3b). 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 3c) 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 3d). The E. coli viable cell 
count of CTWP decreased with the 
Cloisite®	 30B	 content	 and	 contact	
time. In comparison between Figures 
3c and 3d,	 at	 240	 minute	 contact	
time, the E. coli viable cell count of 
control	samples	of	CWP	(Figure 3c) 
and	 CTWP	 (Figure 3d) 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	
compounded, suggesting that the wood 
could affect the antibacterial activity 
of the Cloisite®	 30B	 but	 could	 not	
affect	 the	 antibacterial	 efficiency	 of	
the Triclosan. In order to understand 
antibacterial performance, the viable 
cell count was changed to percent 
bacteria reduction. 

Table 3 shows percentage of 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.	 For	 PLA	 and	 WP	
compounded	with	1.5%	Triclosan,	 it	
was clear that the Triclosan was active 

Figure 2a. xRD patterns of Cloisite® 30B and PLA based composite with Cloisite® 
30B loading of 0.5–2%wt: (a) Cloisite® 30B /PLA composites

Figure 2b. xRD patterns of Cloisite® 30B and PLA based composite with Cloisite® 
30B loading of 0.5–2%wt: (b) Cloisite® 30B /10% wood/ PLA composites

Figure 3a. 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
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under the testing conditions, moreover 
TWP 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 
matrix3. 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.

3.4 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.	At	
0%	clay,	the	PLA	had	the	most	WVP	
at	8.24	x	10-11 g.mm/mm2.h.Pa while 
1.5%	Triclosan/PLA	had	lowest	WVP	
at	7.26	x	10-11 g.mm/mm2.h.Pa. From 
previous work3, 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	 40%.	 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	

Figure 3b. Viable cell count of E.coli with 0.5-2%wt Cloisite® 30B loading for 
0-240 min. contact time: (b) Cloisite® 30B /1.5% Triclosan/PLA composites

Figure 3c. Viable cell count of E.coli with 0.5-2%wt Cloisite® 30B loading for 0-240 
min. contact time: (c) Cloisite® 30B / 10% wood flour/PLA composites

Figure 3d. Viable cell count of E.coli with 0.5-2%wt Cloisite® 30B loading for 0-240 
min contact time:(d) Cloisite® 30B / 1.5%Triclosan/10% wood flour/PLA composites
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were added, respectively. Improving of 
water vapor permeability of the clay/
PLA	 composites	 could	 be	 attributed	
to the impermeable clay silicate layer 
distributed	 in	 the	 polymer	 matrix11. 
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 composites22. Thus, the water 
molecules have to take longer time to go 
through these silicate layers resulting 
in the improved WVP. 

3.5 Oxygen Permeability
The	 oxygen	 permeability	 results	 of	
tested	 films	 are	 shown	 in	Figure 5. 
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/m2.day but 
decreased	 to	8.47,	8.74	and	7.18	cc.
mm/m2.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/m2.day, respectively. Hence, 
the better dispersion of chemical 
components	 showed	 the	 better	 films	
barrier property. This also indicated 
that all the materials blended affected 

Figure 4. Water vapor permeabilities of PLA and PLA based composites as a 
function of Cloisite® 30B loading

Figure 5. The effect of Cloisite® 30B loading on oxygen permeabilities of PLA and 
PLA based composites

Table 3. 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.%
Sample code Contact time 

(min.)
Percentage of bacterial reduction (%)

0.0%C 0.5%C 1.0%C  2.0%C

0%W 10%W 0%W 10%W 0%W 10%W 0%W 10%W

P 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 25.59 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

TP 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
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the	oxygen	permeability	of	PLA	films	
by	obstruction	of	oxygen	molecules	to	
penetrate	through	the	surface	of	PLA	
films.	When	considered	the	Cloisite® 
30B	content,	the	oxygen	permeability	
was found to decrease with the clay 
loading. 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.

4. CONCLuSIONS

Mechanical, antibacterial, thermal 
and barrier properties of Triclosan, 
wood and Cloisite®	30B	compounded	
with	PLA	have	been	determined	and	
discussed.	The	addition	of	10%	wood	
changed the mechanical properties 
by increasing in Young’s modulus 
and decreasing in tensile strength, 
elongation at break and impact strength 
while the mechanical properties did not 
change	significantly	with	the	Triclosan	
and clay loaded samples. Tg vales of the 
composites were not affected by the 
addition of clay and Triclosan. On the 
contrary, Tm values of the composites 
showed double peak characters when 
wood and Cloisite®	30B	were	added.	
X-ray	 diffraction	 (XRD)	 showed	 an	
exfoliation	 characteristic	 for	 0.5CP	
with	and	without	10%	wood	resulting	in	
higher	crystallinity	levels	from	37.49%	
and	20.30%	to	39.35%	and	29.70%,	
respectively. 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.	
Antibacterial	 activities	 of	 the	 PLA	
composites were found to improve with 
the Cloisite®	30B	content	 that	might	
be attributed to cationic bactericide 
quaternary	ammonium	groups	between	
the silicates layers.
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