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Abstract
This work is aimed to study the suitability of cardanol and its derivatives as plasticizers for poly(lactic acid), PLA.

Differential scanning calorimetry (DSC) was used to assess the plasticizing effectiveness of cardanol (CARD) and its

derivatives, cardanol acetate and epoxidated cardanol acetate, comparing the results with those obtained with a com-

mercially available plasticizer, poly (ethylene glycol), PEG, with an average molecular weight of 400 g mol-1. Mea-

surement of the glass transition temperature highlighted that, among the tested cardanol derivatives, neat cardanol is the

most effective plasticizer for PLA. In fact, the glass transition temperature of PLA plasticized by CARD is only slightly

higher than that of PLA plasticized by PEG. This is attributed to the lower compatibility between PLA and CARD

compared to PLA and PEG, as estimated by the interaction radius. Therefore, cardanol could represent a technically valid,

economic, and largely available plasticizer for PLA. Moreover, DSC, an X-ray diffraction analysis, showed that, compared

to PEG, the addition of CARD involves a limited increase of the rate of crystallization, even in this case, due to its lower

compatibility with PLA. Dynamic mechanical analysis showed that, below glass transition, PEG is able to reduce the

stiffness of PLA by a higher extent. However, as the temperature increases, retention of the shear modulus of PEG-

plasticized PLA is much higher than that of CARD-plasticized PLA. As a consequence, above glass transition, the stiffness

of CARD-plasticized PLA becomes lower than that of PEG-plasticized PLA. Therefore, despite its lower compatibility

with PLA, CARD can impart to plasticized PLA lower modulus compared to PEG, when the plasticizer content is high

enough to reduce the glass transition below room temperature.
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Introduction

In recent years, growing environmental awareness has

motivated researchers to pay attention to poly(lactic acid)

(PLA) for the development of innovative products from

bio-based and biodegradable materials. PLA, produced

from renewable resources, environmentally and ecologi-

cally safe [1], is a good candidate for the replacement of

petroleum-based plastics. Due to its high stiffness and

strength, similar to those of polystyrene, at least at room

temperature, PLA finds application in different industrial

fields, such as packaging [2] biocomposites production [3],

and can be processed by different techniques, including

extrusion, injection molding [4], calendering, thermo-

forming, and fiber spinning [5, 6]. The main limitations in

the use of PLA arise from its low elongation at break and

toughness, mainly when is not quenched and is a

semicrystalline polymer. However, gas and vapor barrier

properties in packaging applications are dramatically

improved when a crystalline phase is present. Therefore,

several attempts have been carried out in order to improve

the ductility of PLA by copolymerization with other

monomers, polymer blending, and the use of plasticizer [7].

In particular, though several biodegradable as well as non-

biodegradable plasticizers have been tested to lower the

glass transition temperature, increase strain to break, and

improve processability [8, 9], low molecular weight

poly(ethylene glycol) (PEG) [10, 11] and oligomeric lactic

acid [12] were found to give the best results in terms of

plasticizing effectiveness. On the other hand, bio-plasti-

cizers, derived from natural oils and properly modified to

improve the compatibility with PLA, can represent a valid
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alternative to PEG. Cardanol is an industrial grade oil

obtained by vacuum distillation of ‘‘cashew nut shell liq-

uid’’ (CNSL), which represents nearly 25% of the total nut

weight, and its worldwide availability is estimated to be

about 300,000 tons per year. In addition, cardanol is a

natural resource characterized by low cost and low toxi-

cological impact, and, being a by-product of cashew nut

shell industry, does not require the use of primary resources

[13]. Cardanol finds use in resins for coating and polymer

industries, as well as in the chemical industry for oil and

alcohol soluble resins, laminating resins, and rubber com-

pounding, serving as an excellent raw material for the

preparation of high-grade insulating varnishes, paints,

enamels [14, 15]. Recently, many studies have established

the suitability of cardanol derivatives for the plasticization

of poly(vinyl chloride), PVC [16]. Cardanol derivatives

showed very promising properties as PVC plasticizer,

mainly due to the very good compatibility and low

migration during soft PVC service life [17], as well as to its

excellent thermal and UV degradation resistance [18]. In

particular, the best plasticizing effectiveness was achieved

by epoxidated cardanol acetate (ECA), obtained by a

double-step chemical modification of cardanol. The good

plasticizing effectiveness of epoxidated cardanol acetate

draws the attention of industrial partners, leading to the

development of a medium-scale industrial plant, for the

production of 1 ton of plasticizer [19]. Another cardanol

derivative, namely cardanol acetate (CA), was shown to

improve toughness and ductility of PLA, to the same extent

of phthalate plasticizer, DEHP [20].

This work is aimed to study the suitability of different

cardanol derivatives for the plasticization of PLA. Car-

danol, cardanol acetate, and epoxidated cardanol acetate

were tested at different concentrations, ranging from 10 to

30%. For comparison purposes, poly (ethylene glycol),

PEG, was also used. Differential scanning calorimetry

(DSC) was used to study the evolution of the glass tran-

sition temperature and the crystallization kinetic of the

plasticized PLA. XRD analysis was used to estimate the

crystalline fraction of the blends produced. Finally,

dynamic mechanical analysis (DMA) was carried out in

order to measure the evolution of the shear modulus of

plasticized PLA as a function of temperature.

Materials and methods

PLA used in this work is the polyester Ingeo Biopolymer

2003D, supplied by NatureWorks (Minnetonka, MN US),

characterized by a density of 1.24 g cm-3 and a melt flow

rate of 6 g/600 s at 210 �C. According to the producer’s

technical data sheet, the polymer is mainly composed of L-

isomer, with the D-isomer content lower than 4%. PEG,

characterized by a molecular weight MW = 400 g mol-1,

was purchased from Sigma-Aldrich (St. Louis, MO, US).

Technical cardanol, characterized by a purity of 95%, was

purchased by Oltremare (Bologna, Italy).

A batch esterification process, involving the conversion

of the cardanol hydroxyl group to an acetate group, was

performed by mixing 1 mol of cardanol (304.00 g) with

1.5 mol of acetic anhydride (153.13 g), using 0.015 mol

(5.58 g) of hexahydrate zinc perchlorate as a catalyst. No

solvent was used during the reaction [21, 22]. The mixture

was stirred for 24 h at room temperature, after which the

cardanol acetate (CA) was washed with distilled water to

eliminate the traces of hexahydrate zinc perchlorate.

Epoxidized cardanol acetate (ECA) was provided by Ser-

ichim (Torviscosa, Udine, Italy) and was obtained by

acetylation and further epoxidation of cardanol [17]. The

material is characterized by a yield of epoxidation of about

81% with an average molecular weight of about

370 g mol-1. The chemical structures of cardanol and its

derivatives are reported in Scheme 1.

Plasticized PLA was obtained by melt mixing of PLA

and different amounts of plasticizers (10, 20, and 30% by

weight) for 15 min at 190 �C in a HAAKE RHEOMIX

600\610 mixer, with a rotor speed of 60 rpm. After mixing,

3 mm 9 10 mm cross section samples were obtained by

injection molding through a RayRan hydraulic press, with a

barrel temperature of 190 �C and a tool temperature of

40 �C. The thermal treatment on PLA involved some

degradation effects, as highlighted by the increase of the

intrinsic viscosity (measured by Ubbelohde viscometer

according to ASTM D 4603 – 03, by using chloroform as

solvent) from 0.15 to 0.44 dL g-1. However, the relatively

high temperature of mixing was required in order to obtain

efficient plasticization of PLA; in addition, neat PLA was

also processed according to the same protocol, in order to

account for the change in the thermal properties due to

polymer degradation.

DSC analysis was performed on a Mettler Toledo 822

(Mettler Toledo, Greifensee, Switzerland) instrument under

a nitrogen flux of 60 mL min-1, applying a first heating

scan between - 20 and 200 �C at 20 �C min-1, followed

by a cooling scan from 200 to - 20 �C at 2 �C min-1 and

a second heating scan up to 200 �C at 20 �C min-1.

XRD analysis (Rigaku, Tokyo, Japan) was carried out

with CuKa radiation (k = 1.5418 Å) in the step scanning

mode recorded in the 2h range of 10�–40�, with a step size

of 0.02� and step duration of 0.5 s. Finally, dynamic

mechanical analysis (DMA) was performed on plasticized

PLA samples by using a strain-controlled Rheometrics

Ares rheometer, with a torsion geometry, by increasing the

temperature from - 30 to 60 �C at 2 �C min-1.
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Results and discussion

The compatibility between PLA and the different plasti-

cizers was initially estimated by calculating the interaction

radius. The determination of the interaction radius is based

on the Hansen solubility parameter theory and group con-

tribution method, as explained in [21, 23]. The Hansen

solubility parameter of PLA and plasticizer can be obtained

as the sum of three contributions:

d2 ¼ d2d þ d2p þ d2h ð1Þ

where dd is the contribution of dispersion forces, dp is the
contribution of permanent dipoles, and dh is the contribu-

tion of hydrogen bonding. By introducing a combination of

dispersion and polar forces:

d2v ¼ d2d þ d2p ð2Þ

The interaction radius can be obtained as:

IR2 ¼ ðdv;PLA � dv;plastÞ2ðdh;PLA � dh;plastÞ2 ð3Þ

The values of different terms contributing to the Hansen

solubility parameters were calculated according to the

group contribution method and additivity rule [23].

According to the Hansen solubility parameter theory, a

lower interaction radius is indicative of a better

compatibility between the plasticizer and the polymer. The

results of Fig. 1 suggest that PEG is, among the tested

plasticizers, the one characterized by best compatibility

with PLA. Ranking the plasticizers from the higher com-

patibility to the worst compatibility,

PEG[CARD[ECA[CA.

In general, plasticization involves a decrease of the glass

transition temperature (Tg) of the polymer, which was

measured by DSC during a cooling scan at 2 �C min-1.

The results reported in Fig. 2 show a reduction of the glass

transition of plasticized PLA compared to that of neat PLA.

The glass transition temperature decreases with increasing

amount of plasticizer. The missing value for PLA_PEG at

30% plasticizer is due to the absence of the glass transition

signal for this sample, due to an almost complete crystal-

lization during cooling in DSC.

The decrease of Tg is dependent on the compatibility

between PLA and plasticizer, as evidenced by the results

reported in Fig. 3. For each amount of plasticizer, a lower

IR, which is indicative of a better compatibility, involves a

higher reduction of Tg. Therefore, in accordance with the

IR estimation, PEG shows the best plasticizing effective-

ness, followed by CARD, ECA, and CA.

Besides the reduction of the glass transition temperature,

the addition of the plasticizer also involves a significant
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Scheme 1 Chemical structures

of cardanol and derivatives
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increase of the crystallization rate [24, 25], as shown by the

DSC curves during cooling at 2 �C min-1, reported in

Fig. 4a, b. In Fig. 4a, no peak is observed for neat PLA,

which indicates that the polymer is not able to crystallize

even at the very low cooling rate adopted. Addition of 10%

of PEG involves a significant increase of the crystallization

kinetics, as evidenced by the large exothermic peak shown

in Fig. 4a. This is attributed to the efficient absorption of

the plasticizer inside polymer molecules, which increases

the free volume and enhances molecular mobility, thus

allowing for a faster crystallization [24]. The cardanol-

derived plasticizers, CARD and ECA, which are charac-

terized by a reduced compatibility with PLA, show crys-

tallization peaks of decreasing intensity and shifted at

lower temperatures. For the less effective plasticizer, CA,

the crystallization peak vanishes, indicating that a com-

pletely amorphous material is obtained even for very low

cooling rates. The effect of the addition of different

amounts of plasticizer on crystallization kinetic can be

understood by looking at the results reported in Fig. 4b,

where the DSC curves for PEG-plasticized PLA are

reported at different amounts of plasticizer. As clearly

observed, the crystallization peak shifts to higher temper-

atures and increases in intensity as the amount of plasti-

cizer is increased, confirming the enhanced molecular

mobility brought by the addition of PEG, which results in

faster crystallization kinetics.

The different behavior of plasticized PLA during cool-

ing is also reflected in a different behavior during the

subsequent heating scan at 20 �C min-1. The results

reported in Fig. 5 show, for neat PLA, a clear glass tran-

sition signal, which is indicative of the presence of a

completely amorphous structure attained during the previ-

ous cooling scan. The glass transition signal is overlapped

with a significant enthalpy recovery peak, which indicates

the presence of structural relaxation of the polymer below

Tg [26]. At higher temperature, a weak melting peak results

from the presence of some cold crystallization, which

occurs very slowly, being not observable on the y-axis

scale of Fig. 5. In contrast to neat PLA, a glass transition

signal cannot be detected for PLA_PEG, due to the almost

completely crystalline structure attained during cooling. At

higher temperatures, two broad and intense melting peaks,

resulting from the melt crystallization, are observed. This

double melting peak indicates the presence of significant

recrystallization and lamellar thickening [27]. This is a

consequence of the relatively low temperature of melt

crystallization, about 80 �C as reported in Fig. 4a, b,

which, according to the Hoffman–Weeks equation,

involves the formation of quite thin lamellar stacks [28].

DSC heating scans on PLA plasticized by cardanol

derivatives show the presence of the glass transition signal,

weaker than that observed for neat PLA as a consequence

of the presence of a crystalline phase formed during

cooling of plasticized PLA, as reported in Fig. 4a. At

higher temperatures, a strong exothermic peak is observed,

indicating that, compared to neat PLA, the increased free

volume and enhanced mobility of the molecules promote

cold crystallization. Comparison between the results of
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Figs. 4 and 5 shows that cold crystallization occurs at

higher temperatures than melt crystallization, so involving

the formation of thicker crystals. As a consequence, the

melting peak of PLA plasticized by cardanol derivatives is

characterized by a main melting peak preceded by a

shoulder, which reflects the presence of a melt crystal-

lization, occurring at lower temperature, and yielding

thinner, lower melting crystals, and a cold crystallization,

occurring at higher temperatures, and yielding thicker,

higher melting crystals. The same qualitative behavior

reported in Fig. 5 was observed for higher amounts of

plasticizer (20 and 30%). However, with increasing amount

of plasticizer, the glass transition signal becomes weaker,

due to the higher crystallinity attained during cooling. For

the same reason, the cold crystallization peak is reduced in

intensity. In addition, due to enhanced molecular mobility,

the cold crystallization peak is shifted to lower tempera-

tures, yielding thinner crystals, which are responsible for a

lower onset of melting.

The effect of the enhanced crystallization kinetic

brought by the addition of 20% w/w of plasticizer on the

structure of plasticized PLA obtained by injection molding

was investigated by X-ray diffraction analysis. The results

reported in Fig. 6 clearly evidence the amorphous structure

of neat PLA. Upon addition of PEG, the presence of a

significant crystalline phase is evidenced by the peak at

2h = 16.8�. The intensity of the peak is maximum for

PLA_PEG and reduces going to PLA_CARD, finally

vanishing for PLA_ECA and PLA_CA. As previously

discussed for DSC analysis, the same qualitative behavior

is observed for PLA at 10 and 30% of plasticizers. The

main difference is related to the higher crystallinity

attained during cooling for samples characterized by a

higher amount of plasticizer. Therefore, the XRD diffrac-

tion peak was found to increase with increasing amount of

plasticizer, except for CA and ECA, which show a com-

pletely amorphous structure for any amount of plasticizer.

Very interestingly, the crystalline fraction estimated by

XRD and by DSC crystallization enthalpy are strongly

correlated to the compatibility between plasticizer and

PLA. In particular, as shown in Fig. 7, the crystalline phase

increases with decreasing interaction radius, which indi-

cates that a better compatibility with the plasticizer causes

a faster crystallization during processing. For samples

PLA_ECA and PLA_CA, a completely amorphous struc-

ture was estimated by XRD analysis, but some melt crys-

tallization enthalpy is obtained in DSC cooling scan, due to

the much lower cooling rates of the latter compared to

injection molding used for the production of XRD samples.

Qualitatively, samples prepared at 10 and 30% plasticizer

show the same qualitative behavior, the main difference

being related to the increase of melt crystallization

enthalpy and XRD degree of crystallinity at higher

amounts of plasticizer.

As a result of the change of Tg and crystallization kinetic

due to the addition of plasticizer, the evolution of the

storage shear modulus in DMA analysis, reported in Fig. 8,
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is significantly influenced by the type and the amount of

plasticizer. Referring to the curves at 10% plasticizer, the

results of Fig. 8 show that, at low temperatures, G’ is

higher for PLA_ ECA, compared to PLA_PEG. This is in

agreement with the basic principles of plasticization, also

accounting for the discussed better compatibility of PEG

compared to ECA. On the other hand, with increasing

temperature, the slope of the curve for PLA_ECA is much

higher than that of PLA_PEG. This can be attributed to the

higher degree of crystallinity of PLA_PEG, which causes a

better retention of the shear modulus as temperature

increases. As a consequence of the different slopes, the two

curves intersect at a temperature of about 33 �C. Therefore,
at room temperature, in the range between 20 and 30 �C,
the shear modulus of PEG-plasticized PLA is lower than

that of CARD-plasticized PLA, which is in good agreement

with the theory of plasticization. As expected, an increase

of the amount of plasticizer involves a reduction of the

storage modulus. Also at 30% of plasticizer, PLA_PEG

shows a better retention of the shear modulus, which again

causes intersection of the two curves, but at a much lower

temperature, about 10 �C in Fig. 8. Therefore, at room

temperature, the shear modulus of PLA_PEG is higher than

that of PLA_CARD, thanks to its highly crystalline struc-

ture, not modified by the plasticizer which is only absorbed

in the amorphous phase. At high plasticizer content, a

lower modulus is obtained using a less effective plasticizer,

which, despite causing a lower reduction of the glass

transition temperature, also reduces the crystallization

kinetics and the resulting crystallinity fraction compared to

PLA modified with a more effective plasticizer (i.e., PEG).

Conclusions

In this work, the suitability of cardanol and its derivatives

as plasticizers for PLA was studied by thermal analysis.

The obtained results indicate that, within the composition

limits examined, the addition of cardanol-derived plasti-

cizers involves a reduction of the glass transition temper-

ature, which indicates their good plasticizing effectiveness.

In particular, cardanol can produce a reduction of the glass

transition temperature of PLA comparable to that observed

for PEG. This suggests that cardanol can be used without

any chemical modification as PLA plasticizer, as required

for the production of cardanol base PVC plasticizers.

Furthermore, compared to PEG, the addition of CARD

involves a limited increase of the rate of crystallization in

comparison with what observed when PEG was used. The

effects of plasticizers on the glass transition temperature

and crystallization kinetics have been explained using the

interaction radius theory. In general, it was possible to

assess that a higher plasticizer solubility in PLA involves

not only a reduction of the glass transition temperature, but

also an increase of the rate of crystallization, both resulting

from the increased free volume and enhanced molecular

mobility. The two factors have counteracting effects on the

evolution of the shear modulus of plasticized PLA:

• At low plasticizer content, the reduction of the glass

transition temperature is more relevant than the

increase of the rate of crystallization, leading room

temperature, still below Tg, or in the Tg range, to lower

stiffness when using more compatible plasticizer.

• At higher plasticizer content, the increase of the rate of

crystallization becomes more relevant, and therefore a

lower modulus is obtained for the less efficient

plasticizer at room temperature, which is in this case

below Tg.

Therefore, in this case, the lower modulus of cardanol-

plasticized PLA can be essentially attributed to a less

efficient absorption inside polymer molecules, which

reduces the mobility compared to PEG. This poses a rel-

evant issue, related to the leaching and migration of the

plasticizer during the service life of plasticized PLA, which

determines its durability. This issue, together with a deeper

analysis of the mechanical properties of the cardanol-

plasticized PLA, will be explored in a future paper.
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