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Abstract
 Poly(lactic acid) (PLA), a compostable and biodegradable polymer, is a high-brittle polymeric material. 

Therefore, mechanical property improvement of the PLA is challenging by utilization of natural rubber (NR), a green 

elastomeric	and	renewable	materials.	 In	this	study,	NR	and	chemically	modified	NR	to	epoxidized	NR	(ENR)	are	

explored	as	impact	modifiers	for	the	PLA.	The	as-prepared	ENR	with	30	mol%	epoxide	content	(E30NR)	and	NR	are	

melt-blended	with	PLA	at	various	rubber	contents	(1	to	5	wt.%).	The	result	illustrates	the	concurrent	increment	

in elongation ability and impact performance of PLA, approximately elevenfold and twofold, respectively, with 

adding	5	wt.%	E30NR	compared	with	those	of	NR/PLA	blends	with	the	same	rubber	content.	In	addition,	the	5	

wt.%	E30NR	is	an	efficient	impact	modifier	for	PLA	as	the	elongation	at	break	and	the	impact	strength	is	increased	

approximately	fifteen	and	four	times,	respectively,	compared	to	the	PLA.	The	E30NR/PLA	blends	launch	superior	

modulus	and	strength	when	compared	to	NR/PLA	blends.	Furthermore,	E30NR/PLA	films	transparency	demonstrat-

ed	from	transmittance	percentage	shows	higher	transparency	than	NR/PLA	blend	films.	Consequently,	NR-based	

utilization	as	a	mechanical	modifier	could	be	considered	a	sustainable	and	alternative	way	for	the	value-added	of	

NR	and	increment	of	PLA’s	applications.					
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Introduction
 Natural rubber (NR) is a bio-based and renew-

able material received from the Hevea brasiliensis tree, 

consisting mainly of cis-1,4 isoprene units (Toki et al., 

2002). NR has a number of outstanding aspects, for in-

stance,	high	flexibility	and	high	tensile	strength,	as	well	

as biodegradability (Smitthipong et al., 2016). Therefore, 

it has been utilized as a raw material in several products, 

ranging from personal protective equipment and medi-

cal devices to car and aircraft tires (Thomas & Mathew, 

2011). The rubber plantations of Thailand are distrib-

uted across all regions of the country. It is one of the 

agricultural products with mass production in Thailand, 

the	world’s	largest	natural	rubber	producer	(Pyay	et	al.,	

2019). Over the years, the high rubber production rate 

has severely unbalanced the demand and supply gap 

resulting in a dramatic drop in natural rubber prices. In 

addition, the unsaturated hydrocarbon structure of NR 

causes some drawback properties such as low heat and 

thermal resistance, and low oil resistance. Therefore, 

modification	of	NR	structure	has	been	widely	studied	to	

improve these disadvantages, and widen its area of ap-

plications. For instance, hydrogenation and epoxidation 

are	 chemical	modification	 techniques	 to	 increase	 the	

heat resistance and oil resistance of the rubber (Saeng-

dee et al., 2020). Furthermore, the development of NR 

for the additive in plastic is an emerging and interesting 

challenge. This concept of NR's utilization is considered 

for the value-added of rubber and the increasing plastic 

applications. 

 Poly(lactic acid) (PLA), a compostable and 

biodegradable polymer, is obtained from natural feed-

stocks, such as rice, corn, and wheat with clean-produc-

tive manufacturing (Hamad et al., 2015). Nowadays, we 

are facing plastic waste problem from petroleum-based 

plastic as it is not compostable and required several 

years for partial degradation. Therefore, the PLA has 

been increasingly demanding for various plastic prod-
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ucts. However, the PLA is a high-brittle plastic because 

of high glass transition temperature (Tg) approximately 

55-60	 °C,	 limiting	 its	 applications	 (Becker	et	al.,	 2010).	

Blending of an elastomeric material with the PLA is one 

of the techniques to improve the performance of PLA. 

NR which is a bio-based and renewable material men-

tioned earlier, is a good candidate to toughen the PLA. 

However, the effectiveness of NR for toughening PLA is 

still	 insufficient	due	 to	 the	poor	 interfacial	 interaction	

coming from the difference in the polarity between  NR 

and PLA phases (Bitinis et al., 2011). Consequently, sev-

eral researchers have dedicated to modifying NR-based 

products to improve the mechanical performance of 

PLA. Many types of the as-prepared rubbers by the 

escalating polarity of rubber, such as NR grafted with 

poly(butyl acrylate) (Zhang et al., 2011), NR grafted with 

glycidyl methacrylate (Juntuek et al., 2012), hydroxyl 

epoxidized NR (Phetphaisit et al., 2019), and epoxidized 

hydrogenated NR (Tessanan et al., 2020), have deliber-

ately been utilized for blending PLA. Nowadays, many 

attempts to improve PLA's mechanical properties using 

NR and its derivatives have been paid to increase the 

value-added NR and widespread applications of PLA. 

This concept may be regarded as a sustainable way for 

practical development.

 In this work, epoxidized NR was prepared via 

epoxidation reaction under the latex medium, and it 

is considered a green process (Tessanan et al., 2020). 

The idea for attaching epoxide groups is to increase the 

polarity	of	 rubber.	Epoxidized	NR	containing	30	mol%	

epoxide content (E30NR) is prepared, and the chemical 

structure of as-synthesized E30NR is asserted using Fou-

rier-transform infrared spectroscopy (FTIR) and proton 

Nuclear Magnetic Resonance (1H-NMR) spectroscopy. Af-

terward, the E30NR is physically melt-blended with PLA 

by	various	rubber	contents	(i.e.,	1,	3,	and	5	wt.%)	using	

an internal mixer. Mechanical properties (tensile and 

impact performances) of polymer blends system are 

investigated.	Moreover,	 the	 film	 transparency	 of	 ENR/

PLA blends is conducted to ensure the mechanical im-

provement	of	PLA.	Unmodified	NR/PLA	blends	are	also	

prepared in the same weight ratios to compare their 

performance with the E30NR/PLA blends system.      

Experimental procedure
Materials

 PLA (2003D) produced from NatureWorks Co. 

Ltd.,	USA	with	melt	flow	index	(MFI)	of	6.0	g/10	min	(190	

oC/2.16 kg). High ammonia natural rubber (HANR) latex 

was received from Thai Rubber Latex Co. Ltd., Thailand. 

Hydrogen	 peroxide	 (35%w/w)	 was	 supplied	 by	 QRec,	

New Zealand. Formic acid was purchased from Carlo 

Erba Reagent, USA.

Preparation of epoxidized NR

 Epoxidized NR was prepared in the latex stage, 

a green process, with a condition following Tessanan 

and	co-workers	(Tessanan	et	al.,	2020).	Briefly,	0.15	mol	

formic acid and 0.62 mol hydrogen peroxide were si-

multaneously	 added	 into	 600	mL	 NR	 latex	 (20%DRC)	

at	 60	 °C	 for	 20	 h.	 At	 the	 end	of	 reaction,	 epoxidized	

NR was received and coagulated by methanol followed 

by several times of washing by water. The schematic 

preparation of epoxidized NR is shown in Figure 1. 

Figure 1. Schematic preparation of epoxidized NR in latex stage
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Rubber/PLA blends

 PLA and rubbers (NR and E30NR) were dried in 

a	vacuum	oven	at	50	°C	for	48	h	to	remove	humidity.	

PLA pellets were melt-blended with various amounts 

of	 rubber	 content	 ranged	 from	 1	 to	 5	wt.%	 using	 an	

internal mixer (HAAKE™ Rheomix 90).  The mixing con-

dition	was	operated	at	170	°C	with	a	50rpm	rotor	speed	

for 15 min. The blend compositions are summarized in 

Table 1. After the end of mixing, the blends were taken 

out and cooled to ambient temperature before grinding 

by a grinder machine. All granulated rubber/PLA blends 

were	dried	in	a	vacuum	oven	at	40	°C	for	48	h	and	kept	

in the desiccator. 

Characterizations 

 Chemical structure of NR and E30NR was ana-

lyzed by FT-IR analysis (Perkin Elmer-2000). An attenu-

ated	 total	 reflectance	 infrared	 (ATR-IR)	mode	was	op-

erated in the range of wavenumber between 4000-400 

cm-1 with 32 scans and a resolution of 4 cm-1. 1H-NMR 

analysis (AM 400 spectroscopy 300 MHz) was utilized to 

assert	the	chemical	structure	of	modified	NR.	10	mg	of	

sample was dissolved in deuterated chloroform (CDCl
3
) 

for measurement. The percentage of epoxidation of 

E30NR was calculated from the integrated peak areas 

from 1H-NMR spectrum following equation (1).

% Epoxidation content = [A
2.70

 / A
2.70

 + A
5.10

)] X 100 

 (1)

 A
2.70

 and A
5.10

 are the integrated peak areas of 

methine protons adjacent to the epoxide and methine 

protons of the double bond units.

 Thermal decomposition of rubber was mea-

sured	by	a	thermal	gravimetric	analyzer	(Mettler,	Q500/	

TA Instrument). Approximately 10 mg of rubber was per-

formed	with	heating	from	40	°C	to	600	°C	using	a	heating	

rate	of	10	°C/min	under	nitrogen	atmosphere.

 Thermal transition relaxation of samples was 

investigated by using a differential scanning calorimeter 

(Perkin Elmer DSC 7). Rubbers were carried out from 40 

°C	to	600	 °C	by	a	heat-cool-heat	cycle	with	a	heating	

rate	of	10	°C/min.

 Uniaxial tensile behavior of PLA blends was op-

erated following ASTM D882 using a universal testing 

machine (Instron 5566). Twelve rectangular sheets with 

dimensions 10×90×0.5 mm3 were measured at 50 mm/

min crosshead speed with static load cell of 1 kN under 

room	temperature	(25±2	°C).	

 Impact performance was carried out following 

ASTM D256 by impact tester (Zwick 5102 Pendulum). Six 

specimens were notched and operated under the Izod 

mode	test	at	room	temperature	(25±2	°C).	

	 Transparency	 of	 PLA	 blend	 films	 was	 deter-

mined by a UV-Vis spectrophotometer (JASCO V-530, 

Perkin Elmer) with the 400 to 700 nm scanning wave-

length.	 The	 100-µm	 film	 thickness	 was	 prepared	 by	

compression	molding	at	170	°C	for	2	min	under	the	105	

bars pressure. 

Table 1. Rubber/PLA blend compositions.

Samples PLA	(wt.%) NR		(wt.%) E30NR	(wt.%)

Neat PLA 100 - -

NR/PLA (1/99) 99 1 -

NR/PLA (3/97) 97 3 -

NR/PLA (5/95) 95 5 -

E30NR/PLA (1/99) 99 - 1

E30NR/PLA (3/97) 97 - 3

E30NR/PLA (5/95) 95 - 5
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Results and discussion 
Chemical structure and thermal properties of epox-

idized NR

 FTIR spectra of NR and E30NR are illustrated 

in	Figure	2.	NR	spectrum	demonstrates	the	specific	ab-

sorption peaks at 1664 and 836 cm-1,	belonging	to	C=C	

stretching	 and	 C=C-H	 out-of-plane	 bending	 vibrations,	

respectively (Fig. 2a). After the epoxidation reaction, the 

epoxidized	NR	spectrum	still	shows	NR’s	characteristic	

peaks, and, moreover, it provides the new peaks at 1245 

and 875 cm-1, attributing to symmetric and asymmet-

ric C-O-C stretching vibrations, respectively. Moreover, 

there is a slight decline in the intensity variation of car-

bon-carbon-double bond peaks observed at 1664 cm-1, 

compared to the absorption peak at 1375 cm-1 (CH3 

bending vibration) of the epoxidized NR spectrum. It can 

illustrate the change in unsaturation units into epox-

ide units of rubber after epoxidation reaction. Figure 3 

shows 1H-NMR spectra of NR and E30NR. As a result, NR 

reveals the unique signals at 5.10 ppm (a), 2.03 ppm 

(a’),	and	1.67	ppm	(a”),	belonging	to	methine	protons	

nearby isoprene unit, methylene protons, and methyl 

protons, respectively. Meanwhile, epoxidized NR still 

shows the characteristic signal of the virgin NR and ob-

served the two-new peaks at 1.30 ppm (c), and 2.70 

ppm (d), assigning to methyl protons and methine pro-

tons of the epoxide ring, respectively (Phinyocheep et 

al., 2005; Samran et al., 2005). In addition, as calculated 

epoxide content following equation (1), the epoxidized 

NR	consists	of	29.63	mol%	epoxide	content	and	is	de-

fined	as	E30NR.

Figure 2. FT-IR spectra of (a) NR and (b) E30NR.

Figure 3. 1H-NMR spectra of (a) NR and (b) E30NR.
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 Thermal resistance of rubbers was evaluated 

by TGA analysis, as presented in Figure 4. The decom-

position temperature, including onset decomposition 

temperature (T
o
), fastest decomposition temperature 

(T
f
),	 and	 final	 decomposition	 temperature	 (T

fi
) of rub-

bers, were measured. The results show that NR begins 

to	decompose	at	approximately	290	°C	and	undergoes	

the	fastest	decomposition	rate	at	about	348	°C	before	it	

completes	at	approximately	425	°C.	The	thermal	resis-

tance of E30NR is demonstrated at approximately 312 

°C	(T
o
),	364	°C	(T

f
),	and	442	°C	(T

fi
). The attaching epox-

ide groups along the NR backbone provides higher ther-

mal-resistant material. This result may be due to the 

characteristic nature of epoxide-based material, having 

high chemical and thermal resistance (Sun et al., 2018). 

 Furthermore, the thermal relaxation behavior 

of rubbers (NR and E30NR) was conducted using DSC 

analysis, as shown in Figure 5. The T
g
 of NR appeared 

at	approximately	-65	°C.	After	the	epoxidation	reaction,	

the T
g
	of	NR	 shifts	 from	 -65	 °C	 towards	 the	high-tem-

perature	zone	at	-34	°C	(E30NR).	This	phenomenon	can	

be described to the attaching rigid-epoxide ring onto 

NR molecular chains, resulting in the restriction of the 

segmental-chain motion (Hamzah et al., 2016).

Mechanical properties

	 Tensile	 properties	 (Young’s	 modulus,	 Tensile	

strength, elongation at break) of rubber/PLA blends 

system	are	demonstrated	 in	Figure	6-8.	Young’s	mod-

ulus and tensile strength of neat PLA are 2.00 GPa and 

62.4	MPa,	 respectively,	with	only	6.18%	elongation	at	

Figure 4. Thermal decomposition of (a) NR and (b) E30NR.

Figure 5. DSC thermograms of (a) NR and (b) E30NR.
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Figure 6. Tensile	modulus	of	rubber/PLA	blends	at	various	rubber	contents	(0	to	5	wt.%).

break. The addition of rubber reduces the modulus of 

PLA in the blends with increasing rubber contents. The 

moduli values tend to reduce from 2.00 GPa (neat PLA) 

into 1.61 GPa (NR/PLA blend) and 1.75 GPa (E30NR/PLA 

blend)	containing	5	wt.%	rubber	(Figure	6).	The	E30NR/

PLA blends at different rubber content have higher 

moduli than the NR/PLA blends at the same rubber 

content. Figure 7 illustrates the gradual reduction of the 

uniaxial tensile strength by adding rubber contents. The 

strength values decline from 62.4 MPa (neat PLA) down 

to 34.65 MPa (NR/PLA blend) and 40.60 MPa (E30NR/

PLA	 blend),	 consisting	 of	 5	 wt.%	 rubber.	 The	 E30NR/

PLA blends provide higher values of strength compared 

to that of NR/PLA blends, followed by PLA. This result 

could be explained due to the addition of elastomeric 

material into the hard-brittle polymer, leading to the 

decrement in stiffness and strength (Bitinis et al., 2011; 

Zhang et al., 2011). The improving polarity of rubber in 

E30NR can escalate the interfacial interaction between 

rubber and PLA phases, resulting in the improving mod-

ulus and strength compared to NR/PLA blends (Rosli et 

al., 2016). Considered on elongation ability as displayed 

in	Figure	8,	NR/PLA	blends	increase	slightly	from	6.18%	

(neat	PLA)	to	8.49%	(5	wt.%	NR).	Meanwhile,	E30NR/PLA	

blends	upsurge	 to	89.38%	 (5	wt.%	E30NR).	At	5	wt.%	

rubber content, the elongation ability of E30NR/PLA 

blend	is	elevenfold	and	fifteenfold	when	compared	to	

NR/PLA blend and neat PLA, respectively. As a result, it 

can attribute that the improving polarity of NR with ep-

oxide groups could enhance the compatibility between 

rubber and PLA matrix.

Figure 7. Tensile	strength	of	rubber/PLA	blends	at	various	rubber	contents	(0	to	5	wt.%).
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Figure 8. Elongation	at	break	of	rubber/PLA	blends	at	various	rubber	contents	(0	to	5	wt.%).

Figure 9. Impact	properties	of	rubber/PLA	blends	at	various	rubber	contents	(0	to	5	wt.%).

 The brittleness of the plastic is normally con-

sidered by the impact property. The PLA has low impact 

strength which limit its application. The addition of a 

soft material should improve its impact strength. Figure 

9 shows the impact strength of the rubber/PLA blends 

system. The addition of rubbers (NR and E30NR) can 

escalate the toughness of PLA because the elastomeric 

nature of rubber can act as a stress concentrator for 

dissipating energy obtained from an external force (Bi-

tinis et al., 2011; Rosli et al., 2016). NR/PLA blends with 

NR	contents	(1	to	5	wt.%)	reveal	the	slight	increment	in	

the impact strength from 3.40 kJ/m2 (neat PLA) towards 

7.05	 kJ/m2	 (5	 wt.%	 NR	 content).	 In	 terms	 of	 E30NR/

PLA blends, the impact strength values boost to the 

maximum value at 13.08 kJ/m2 by adding E30NR con-

tents	up	to	5	wt.%.	The	impact	performance	of	E30NR/

PLA (5/95) increases about twofold compared to NR/

PLA (5/95) blends and fourfold compared to the neat 

PLA.	This	significant	enhancement	can	ascribe	to	a	dec-

rement in interfacial tension and an increment of seg-

mental	 interaction	 between	 the	modified	 rubber	 and	

the PLA matrix (Tessanan et al., 2020).

Optical properties

	 Transparency	 of	 plastic	 sheet	 is	 defined	 as	

the transmission of visible light in the short range of 

540-560 nm, according to ASTM-D1746-03 (Mathlouthi, 

1994). The 550-nm wavelength had been chosen to in-

vestigate the transmittance percentage of neat PLA and 

rubber/PLA	blend	films,	as	presented	in	Figure	10.	The	

light	 transmittance	of	neat	PLA	was	 found	at	91.30%,	

typically high transparent material. The light transmit-

tance	of	films	is	reduced	with	the	addition	of	rubbers	(1	
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Figure 10. Transmittance	percentage	of	rubber/PLA	blend	films	at	various	rubber	contents	(0	to	5	wt.%)

to	5	wt.%).	NR/PLA	blend	films	provide	light	transmit-

tance	ranging	between	34.34%	(5	wt.%	NR)	to	76.79%	

(1	wt.%	NR).	Meanwhile,	E30NR/PLA	blend	films	reveal	

between	 64.08%	 (5	 wt.%	 E30NR)	 to	 86.30%	 (1	 wt.%	

E30NR). It could be explained that the incompatibility 

of	NR	and	PLA	results	in	the	film’s	heterogeneity,	lead-

ing to a decrement of the light transmittance. However, 

the enhancing polarity of NR to E30NR can escalate the 

partial compatibility between rubber and PLA, resulting 

in	improved	film	transparency.	

Conclusions
 The enhancing potential and effectiveness of 

NR	and	modified	NR,	as	mechanical	modifiers,	 for	 the	

brittle PLA is still an interesting challenge. In this work, 

the NR and as-synthesized E30NR were utilized for im-

proving the mechanical properties of PLA. The result 

reveals the dramatic enhancement in elongation abili-

ty and impact performance with the addition of E30NR 

when compared to NR. The NR could increase slightly 

the mechanical properties of the PLA while the E30NR is 

an	efficient	impact	modifier	for	PLA.	In	particular,	the	5	

wt.%	E30NR/PLA	could	enhance	the	elongation	at	break	

and	the	impact	strength,	approximately	fifteen	and	four	

times, respectively, compared to the neat PLA. Further-

more,	the	film	transparency	is	improved	for	E30NR/PLA	

blends compared to NR/PLA blends. This development 

was performed to reach the way for high value-added 

and new potential application of NR as well as PLA, sup-

porting the sustainability concept for saving the Earth. 
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