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ABSTRACT 

Green composites made of polylactide (PLA) filled with almond shell flour (ASF) at a constant 

weight content of 25 wt.-% were manufactured by injection molding. In order to increase the 

interfacial adhesion between the biopolymer and the lignocellulosic fillers, three different 

compatibilizers were tested, namely multi-functional epoxy-based styrene-acrylic oligomer 

(ESAO), aromatic carbodiimide (AC), and maleinized linseed oil (MLO). The effect of each 

compatibilizer on the thermal, mechanical, and thermomechanical properties and water uptake of 

the injection-molded PLA/ASF pieces was analyzed. The obtained results indicated that all the 

here-studied compatibilizers had a positive influence on both the thermal stability and the 

mechanical and thermomechanical performance of the green composite pieces but low impact on 

their water uptake profile. In addition, the morphological analysis performed at the fracture 

surfaces of the green composite pieces revealed that the filler–matrix gap was substantially 

reduced. Among the tested compatibilizers, ESAO and MLO yielded the highest performance in 

terms of mechanical strength and ductility, respectively. In the case of MLO, it also offers the 

advantage of being a plant-derived additive so that its application in green composites positively 

contributes to the development of sustainable polymer technologies. 

Keywords: PLA; Multi-functional epoxy-based styrene-acrylic oligomer; Aromatic 

carbodiimide; Maleinized linseed oil; Agro-food waste. 
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1. Introduction 

Nowadays, the increasing concern about environmental issues derived from the use of non-

recyclable and petroleum-derived materials is promoting the development of environmentally 

friendly high-performance polymer materials [1]. Green composites represent an interesting 

sustainable solution as they are typically made of a biopolymer matrix and a plant-derived filler 

[2, 3]. These materials are being increasingly applied in a wide variety of sectors such as 

automotive, building and construction, packaging, etc. [4-8]. Furthermore, the use of green 

composites is gaining an increasing interest in the Circular Economy since these materials are not 

only obtained from natural resources but they can also be fully disintegrated under controlled 

compost conditions [9]. In the emerging bioplastics market, polylactide (PLA) is currently 

considered the front runner due to its good balance between physical properties and its two-fold 

environmental advantage of being a bio-based and biodegradable material [10]. 

From an environmental point of view, lignocellulosic materials obtained from industrial by-

products and food or agroforestry waste are also gaining certain relevance as cost-effective fillers 

due to their positive dual contribution on natural origin and biodegradability, i.e. disintegration in 

compost soil [11, 12]. In recent years, it has been reported the use of a wide variety of these plant-

derived fillers such as rice hull [13-15], peanut skin [16, 17], Posidonia oceanica seagrass [18], 

corn cob and sunflower hull [19], pineapple flour [20], etc. In this context, almond shell flour 

(ASF) particles are very promising fillers in green composites due to the increasing consumption 

of pastries, almond milk, and other almond-derived products in the food industry [21, 22]. In 

particular, the worldwide annual production of almond (Prunus amygdalus L.) is 2.31 million 

tons from a land area of 1.7 million hectare [23], being Spain the second biggest producer with 

approximately 0.3 million tons. Since the almond by-products, i.e. hulls and shells, account for 

more than 50% by dry weight of the almond fruit [24], it is estimated that around 0.8–1.7 million 

tons of them are annually wasted [25]. Therefore, the use of this agro-food waste currently 

represents a smart solution to generate high-added value materials in the plastic industry [26, 27]. 



Unfortunately, there are some drawbacks related to the incorporation of lignocellulosic fillers into 

polymers, which are mainly related to their poor filler–matrix interfacial adhesion and the 

potential formation of particle aggregates. In general, polymers, including biopolyesters, are 

highly hydrophobic or low hydrophilic whereas the lignocellulosic fillers are extremely 

hydrophilic [28]. Such low chemical affinity is certainly responsible for their lack of 

compatibility, thus leading to green composite materials with poor overall physical properties 

[29-31]. In most cases, this particularly induces an impairment on the mechanical ductility and 

thermal stability of the resultant green composites [32]. 

The use of compatibilizers currently represents a straightforward strategy to enhance the 

interfacial adhesion between the lignocellulosic fillers and a wide range of polymer matrices [16, 

33, 34]. Reactive compatibilizers are specifically designed to form chemical bridges during the 

melt processing between the two distinct phases that constitute the polymer composites, the so-

called reactive extrusion (REX) [35]. Compatibilization is achieved by the melt grafting of the 

fillers onto the biopolymer through the use of chemical structures with at least two average 

functionalities (f) [36]. Indeed, most commercially available reactive compatibilizers consist of 

polymers with low molecular weight (MW) or oligomers in which a certain numbers of functional 

groups (e.g. epoxy and maleic anhydride groups) are prone to react during melt processing [37]. 

If the main polar polymer chains that constitute the matrix of the polymer composite are 

characterized by terminal hydroxyl and carboxylic acid groups, these can then establish chemical 

reactions with some functional groups of the compatibilizer. In addition, due to the compatibilizer 

presents f ≥ 2, other functional groups can also react with the hydroxyl groups exposed on the 

surface of the lignocellulosic filler. In this sense, both epoxy and maleic anhydride groups have 

been reported to efficiently react with the hydroxyl groups of both the PLA chains and cellulose 

on the fillers surface [38, 39]. Moreover, as these additives can additionally offer a chain-

extension effect, these can positively reduce hydrolytic degradation during manufacturing and 

then improve melt stability [40-43]. 



This work originally reports on the effect of three reactive compatibilizers based on different 

chemical functionalities, namely epoxy, carbodiimide, and maleic anhydride on PLA/ASF 

composite pieces obtained by injection molding. To this end, the thermal, mechanical, 

thermomechanical properties as well as morphology and water uptake of the injection-molded 

green composite pieces were characterized and related to the type of compatibilizer employed. 

 

2. Experimental 

2.1. Materials 

Aliphatic polyester PLA was Ingeo™ biopolymer 6201D, obtained from NatureWorks 

(Minnetonka, MN, USA). This is a PLA grade with a density of 1.24 g·cm− 3 and a met flow rate 

(MFR) of 15–30 g/10 min (210 °C and 2.16 kg), which makes it suitable for injection molding. 

Almond was collected in the Sierra Mariola region and the shells were provided by Jesol Materias 

Primas S.A. (Valencia, Spain) as an industrial by-product after seed extraction. Multi-functional 

epoxy-based styrene-acrylic oligomer (ESAO), aromatic carbodiimide (AC), and maleinized 

linseed oil (MLO) were used as the compatibilizers. Table 1 summarizes their commercial 

information, chemical structures, and relevant properties provided by the manufacturers. 

 

2.2. Preparation of green composites 

Prior to processing, ASF was prepared as described in previous research [39]. Briefly, the as-

received almond shells were ground in an SK 100 Cross Beater mill from Retsch GmbH 

(Düsseldorf, Germany) at a rotating speed of 10,000 rpm. The resultant flour was then processed 

in a RP09 CISA® (Barcelona, Spain) sieve shaker to obtain a flour with a homogenous particle 

size distribution with a top-cut of 150 μm. 

All materials were dried in a dehumidifier MDEO from Industrial Marsé (Barcelona, Spain) at a 

temperature of 60 ºC for 36 h. ESAO was not dried due to its low glass transition temperature (Tg 

= 54 ºC). A fixed weight content of 25 wt.-% of ASF in PLA was set while each compatibilizer 



was added at 1 part per hundred resin (phr) of composite. A neat PLA sample and a PLA/ASF 

sample without any compatibilizer were produced in same conditions as the control materials. 

Materials were melt compounded in a co-rotating twin-screw extruder from Construcciones 

Mecanicas Dupra, S.L. (Alicante, Spain). The screws feature 25 mm diameter with a length-to-

diameter ratio, i.e. L/D, of 24. All materials were fed through the main hopper. The temperature 

profile was set as follows: 180 ºC (feeding zone), 185 ºC, 190 ºC, and 195 ºC (die). A rotating 

speed of 20 rpm was selected. Residence time was approximately 1 min. The extruded materials 

were finally pelletized using an air-knife unit.  

The resultant green composite pellets were shaped into pieces by injection molding in a Meteor 

270/75 from Mateu & Solé (Barcelona, Spain). The temperature profile was set as follows: 170 

ºC (hopper), 175 ºC, 180 ºC, and 185 ºC (injection nozzle). A clamping force of 75 tons was 

applied. The cavity filling and cooling time were set at 1 and 10 s, respectively. Pieces with a 

thickness of 4 mm were obtained. 

 

2.3. Scanning electron microscopy 

The morphologies of the ASF particles and the fractured surfaces of the green composite samples 

after the impact test were observed by field emission scanning electron microscopy (FESEM). 

This was performed in a ZEISS ULTRA 55 from Oxford Instruments (Abingdon, United 

Kingdom). Samples surfaces were coated, prior to analysis, with a gold-palladium alloy in a 

Quorum Technologies Ltd EMITECH model SC7620 sputter coater (East Sussex, UK). An 

acceleration voltage of 2 kV was applied. Sizes were determined using Image J Launcher v 1.41 

and the data presented were based on measurements from a minimum of 50 SEM micrographs. 

 

2.4. Color measurements 

A Konica CM-3600d Colorflex-DIFF2, from Hunter Associates Laboratory, Inc. (Reston, 

Virginia, USA) was used for the color measurement. Color indexes (L*, a*, and b*) were 

measured according to following criteria: L* = 0, darkness; L* = 100, lightness; +a* = red, -a* = 

green; and +b* = yellow, -b* = blue. Measurements were done in triplicate. 



 

2.5. Thermal characterization 

Main thermal transitions of green composite pieces were obtained by differential scanning 

calorimetry (DSC) in a Mettler-Toledo 821 calorimeter (Schwerzenbach, Switzerland). An 

average sample weight ranging from 5 to 7 mg was subjected to a thermal cycle as follows: First 

heating from 30 ºC to 200 ºC, cooling down to 0 ºC, and second heating to 350 ºC. Heating and 

cooling rates were set at 10 ºC·min-1. All tests were run in nitrogen atmosphere (66 mL min-1) 

with standard sealed aluminium crucibles of a volume capacity of 40 L. The degree of 

crystallinity (Xc) was calculated by using the following expression (Eq. 1): 

𝑋𝐶 = [
∆𝐻𝑚 − ∆𝑯𝑪𝑪

∆𝐻𝑚
0 ∙ (1 − 𝑤)

] ∙ 100 Equation 1 

Where ∆𝑯𝒎 and ∆𝑯𝑪𝑪 (J·g-1) stand for the melt and cold crystallization enthalpies, respectively, 

(∆𝑯𝒎
𝟎 ) (J·g-1) represents the theoretical melt enthalpy of a fully crystalline PLA, i.e. 93.0 J·g-1 

[44], and 1-w corresponds to the weight fraction of PLA in the sample. 

Thermal stability (degradation/decomposition) was determined by thermogravimetric analysis 

(TGA) in a Mettler-Toledo TGA/SDTA 851 thermobalance. Samples with an average weight 

comprised between 5 and 7 mg were placed in standard alumina crucibles of 70 L and subjected 

to a heating program from 30 ºC to 700 ºC at a heating rate of 20 ºC·min-1 in air atmosphere. 

  

2.6. Mechanical characterization 

Tensile and flexural tests were carried out in a mechanical universal testing machine ELIB 50 

from S.A.E. Ibertest (Madrid, Spain) as recommended by ISO 527 and ISO 178, respectively. 

This was equipped with a 5-kN load cell. A cross-head speed was set to 5 mm·min-1 in both tests. 

Hardness was measured using the Shore D scale in a durometer model 676-D from J. Bot 

Instruments (Barcelona, Spain) as recommended by ISO 868. Impact strength was obtained in a 

6-J Charpy pendulum from Metrotec (San Sebastián, Spain) following ISO 179. All mechanical 

tests were performed at room temperature testing at least six different specimens per sample. 



 

2.7. Thermomechanical characterization 

The thermomechanical properties of the green composite pieces were studied by measuring the 

Vicat softening temperature (VST) and the heat deflection temperature (HDT) in a Vicat/HDT 

station VHDT 20 from Metrotec S.A. (San Sebastián, Spain). VST values were obtained 

according ISO 306 by the B50 method. The applied force was 50 N and the heating rate was 50 

ºC·h-1. HDT measurements were carried out according to ISO 75 with a distance between 

supporting edges of 60 mm and an applied weight of 320 g. Samples sizing 4 x 10 x 80 mm3 were 

heated at 120 ºC·h-1. Tests were performed in triplicate. 

Dynamical mechanical thermal analysis (DMTA) was conducted in an oscillatory rheometer AR-

G2 from TA Instruments (New Castle, USA) equipped with a special clamps system for solid 

samples working in torsion-shear mode. Samples with dimensions of 4 x 10 x 40 mm3 were 

subjected to a temperature sweep program from 40 ºC to 100 ºC at a heating rate of 2 ºC·min-1, a 

frequency of 1 Hz, and a maximum shear deformation () of 0.1%. 

 

2.8. Water uptake characterization 

Injection-molded samples of 4 x 10 x 80 mm3 were immersed in distilled water at 23 ± 1 ºC. The 

samples were taken out and weighed weekly using an analytical balance with a precision of ± 0.1 

mg, after removing the residual water with a dry cloth. The evolution of the water absorption was 

followed for a period of 15 weeks. Measurements were performed in triplicate.  

 

3. Results and discussion 

3.1.  Fillers morphology 

The morphology of the ASF particles is shown in the FESEM images of Figure 1. As it can be 

observed in Figure 1a, the fillers presented an irregular shape with a great variety of diameters. 

The particle size was approximately 75 μm, as it can be seen in the histogram of the ASF powder. 

Further magnification of the particles, shown in Figure 1b, revealed the presence of some voids 



and granular features in their surface, which resemble the original porous-like structure of almond 

shell. The ASF particles also showed a rough surface, which can be a consequence of the crushing 

process due to the high hardness of the almond shell. A similar morphology for ASF particles has 

been reported in previous studies of polymer composites [26, 39, 45]. 

 

3.2.  Appearance of green composite pieces 

Figure 2 shows the appearance of the resultant injection-molded green composite pieces. It can 

be seen that the incorporation of ASF into PLA resulted in pieces with a dark brown color, which 

corresponds to the natural color of almond shell. In general, all green composites presented similar 

color characteristics with different intensities depending on the compatibilizer used. Table 2 

summarizes the color indexes (L*a*b*) of the injection-molded pieces. The piece with the darkest 

color, i.e. the sample with the lowest lightness, corresponded to the uncompatibilized green 

composite. This presented a L value of 26.4, while the a* and b* color coordinates were 3.5 and 

3.6, respectively. Indeed, all injection-molded pieces showed positive values for the a* and b* 

color coordinates, confirming that the incorporation of ASF produced a reddish- or brownish-like 

color. The three compatibilizers generated pieces with a lighter brown color, showing L values in 

the 28–32 range, being the lightest coloration observed for the MLO-treated piece. Therefore, the 

ASF incorporation delivered a wood-like color and surface finish, which can be interesting from 

an aesthetical perspective in packaging materials such as food trays for fruits and vegetables. 

 

3.3. Thermal properties of green composite pieces 

Figure 3 shows the DSC curves corresponding to the second heating run of the injection-molded 

pieces of neat PLA and its green composites processed with the different compatibilizers. Their 

main thermal parameters are included in Table 3. 

In relation to the neat PLA piece, the initial change in slope located between 55 ºC and 65 ºC is 

associated to its glass transition temperature (Tg). The exothermic peak in the 105–130 ºC range 

corresponds to the cold crystallization process, showing a crystallization temperature (Tcc) of 

112.5 ºC. Cold crystallization is typically observed in PLA-based articles, which is produced due 



to an internal rearrangement of the quenched-in amorphous domains from cooling into 

ordered/packed (crystalline) regions when chain mobility increases above Tg [46]. During this 

process, imperfect crystals of PLA are formed from unmelted ones acting as nuclei. The ASF 

incorporation into PLA slightly reduced the cold crystallization temperature, i.e. Tcc was 111.4 

ºC, which can be related to a nucleation ability of the fillers [46]. The addition of different 

compatibilizers generated more intense effects on the cold crystallization process. Whereas the 

green composite pieces compatibilized with ESAO and AC presented the cold crystallization 

process at higher temperatures, Tcc of ca. 125 and 120 ºC, respectively, MLO induced the opposite 

effect and Tcc moved towards lower temperatures, i.e. 103.9 ºC. This can be related to the 

significant plasticizing effect that MLO, similar to other multi-functionalized vegetable oils, can 

provide to the PLA matrix [10, 39, 47]. 

With regard to the melting temperature (Tm), it can be observed that the presence of ASF also 

reduced Tm by approximately 3 ºC. It is then expected that the presence of ASF slightly disrupted 

the folding process of the PLA chains, avoiding the formation of more perfect crystals. A similar 

value of Tm was observed for the green composite piece compatibilized with ESAO. However, 

interestingly, the addition of AC and MLO maintained the original Tm of PLA, i.e. approximately 

172 ºC, which indicates that both compatibilizers did not interfere with the lamellae growth of the 

spherulites. For the case of AC, however, melting took place in two peaks. This can be related a 

process of crystal reorganization upon melting, by which less perfect crystals can order into 

spherulites with thicker lamellar thicknesses than thereafter melt at higher temperatures. In 

relation to the degree of crystallinity (Xc), it can be observed that the neat PLA piece and the 

uncompatibilized green composite piece presented a similar degree of crystallinity of 

approximately 9% and 12%, respectively. However, the addition of ESAO and AC considerably 

reduced the amount of crystallinity of the green composite pieces down to values of 3.3% and 

0.9%, respectively. Therefore, ESAO and AC seem to restrict crystallization in PLA, which can 

be caused by intermolecular chain-extension reactions that would contribute to avoid the 

formation of more packed and ordered regions [48]. Interestingly, MLO provided the opposite 

effect in comparison to the two other compatibilizers. In particular, Xc increased up to values of 



30.5% in the MLO-treated green composite piece. Similar findings have been recently reported 

by Balart et al. [38] for PLA/hazelnut shell flour (HSF) composites compatibilized with 

epoxidized linseed oil (ELO). This increase was related to the plasticizing effect of the vegetable 

oil, which both enhanced chain mobility and lowered polymer–polymer interactions. As a result, 

the PLA chains in the green composites compatibilized with MLO were more prone to order. 

TGA curves of the ASF powder as well as of the neat PLA and the PLA/ASF composite pieces 

treated with the different compatibilizers are gathered in Figure 4. Regarding the ASF powder, 

its degradation was similar to that observed for other lignocellulosic materials [49, 50]. First 

weight loss is related to residual water removal, produced at 80–150 ºC. The second degradation 

step was observed in the 220–300 ºC range, which was the highest weight loss, and it corresponds 

to the hemicelluloses and cellulose degradation. Although lignin starts degradation around 250 

ºC, it degrades more slowly, contributing for the progressive weight loss up to 500 ºC. Early stages 

of lignin degradation overlap with cellulose and hemicellulose degradation [51]. 

In relation to the thermal degradation profile of injection-molded pieces, one can observe that 

PLA decomposed in a single step, starting approximately at 320 ºC and with a degradation 

temperature (Tdeg) located at 370 ºC. Degradation of the uncompatibilized PLA/ASF composite 

piece differed from that of the neat PLA and it proceeded in two steps. First weight loss initiated 

at 300 °C, which indicates that the ASF incorporation reduced the thermal stability of PLA by 

around 30 °C. This may involve the initial degradation of low-MW components of almond shell 

such as hemicellulose. Second weight loss was less pronounced. It appeared in the 370–490 °C 

range, which corresponds to the thermal degradation of both PLA and cellulose. This slope 

change, observed between 400 and 420 °C, can be attributed to the above-indicated degradation 

of the lignin present in ASF. 

As it can be seen in Table 4, the addition of all compatibilizers induced a positive effect on the 

thermal stability of the green composites. Thermal degradation values were delayed up to 10 ºC 

in comparison to the unmodified green composite, being the highest improvement observed for 

the ESAO-compatibilized piece. This enhancement in the thermal stability suggests certain 



chemical interaction of the compatibilizers with both components of the composite, by which the 

resultant linked fillers are expected to act as a physical barrier that obstructs the removal of 

volatile products produced during decomposition. 

 

3.4. Mechanical properties of green composite pieces 

Figure 5 shows the effect of the different compatibilizers on both the tensile and flexural 

properties. With regard to the tensile properties, the incorporation of ASF into PLA produced an 

increase of the elastic modulus values. While the neat PLA piece presented a tensile modulus of 

1.96 GPa, the green composite piece showed a value 2.54 GPa. However, the injection-molded 

piece also became more brittle since the elongation at break was reduced from 5.2%, for the neat 

PLA piece, to 2.1%, for the uncompatibilized green composite piece. This can be related to the 

absence (or very poor) interaction of ASF with the PLA matrix. As a matter of fact, the tensile 

strength varied from 63.3 MPa, for the neat PLA piece, down to 39.7 MPa, for the 

uncompatibilized green composite piece. It is considered that the lignocellulosic filler acted as a 

stress concentrator, being responsible for lowering the elongation at break and the tensile strength. 

Since the elastic modulus relates both the tensile strength and elongation at break, and the 

reduction of the latter property was much more pronounced, this supports the increase observed 

in the modulus after the ASF incorporation into the PLA pieces. 

Interestingly, the addition of all three compatibilizers provided a positive effect on the green 

composite pieces in terms of tensile strength and, particularly, elongation at break. The highest 

improvement in the tensile strength was observed for the green composite pieces compatibilized 

with ESAO and AC. In particular, the values of tensile strength increased in the ESAO- and AC-

treated green composite pieces up to 52.2 MPa and 51.2 MPa, respectively. This is an indication 

of the positive effect of the compatibilizers on the material cohesion, which provided a more 

efficient load transfer from the dispersed ASF particles to the PLA matrix. In this regard, Awal et 

al. [52] reported similar effects on PLA/cellulose composites compatibilized with carbodiimide. 

However, although AC offered enhanced mechanical properties for the green composite, the 

compatibilizing effect of ESAO was still superior since the mechanical strength increase was 



accompanied by a higher improvement in ductility. In particular, the elongation at break reached 

values of 3.3% and 2.6% for the EASO- and AC-compatibilized green composite pieces, 

respectively. The latter represents an increase of approximately 55% in relation to the 

uncompatibilized green composite piece. This can be ascribed to the fact that the multiple epoxy 

groups of ESAO, in addition to react with the terminal groups of PLA, are also able to react with 

hydroxyl groups exposed on the fillers surface [36]. In this sense, Nagaranjan et al. have also 

reported, that epoxy-based chain extenders can be also interesting additives for compatibilization 

of cellulose and cellulose-derived materials purposes and not only for biopolymer blends [53, 54].  

In relation to the compatibilizing effect of MLO on the tensile properties of the green composite 

pieces, this provided lower values of tensile modulus and strength than the other two 

compatibilizers but an extraordinary improvement in mechanical ductility. In particular, the 

elongation at break increased to 4.5%, which represents an increase of approximately 115% in 

relation to the uncompatibilized green composite piece. Similar results have been recently 

observed for PLA/ASF composites compatibilized by different amounts of MLO [39], which was 

ascribed to the strong plasticization provided by this multi-functionalized vegetable oil. Since the 

vegetable oil molecules can readily place among the biopolymer chains, then these act as a 

lubricant with an enhanced influence on chain mobility [55]. 

The effect of the compatibilizers was further evaluated by flexural tests. The neat PLA piece 

presented a flexural modulus of 3.71 GPa and a flexural strength of 104.5 MPa. The 

uncompatibilized PLA/ASF composite piece showed an increase in the flexural modulus up to 

4.68 GPa, but a noticeable decrease in the flexural strength down to 58 MPa. This further supports 

the poor biopolymer–filler interfacial adhesion. A similar mechanical improvement than that 

described above for the tensile tests were observed for the different compatibilizers. In particular, 

ESAO showed the highest flexural improvement since, in comparison to the uncompatibilized 

green composite, it presented both the lowest reduction in the flexural modulus and the highest 

increase in the flexural strength. In particular, the ESAO-treated green composite piece showed a 

flexural strength of about 96.1 MPa, which is very close that observed for the neat PLA piece. 



The green composite pieces compatibilized with AC and MLO presented values of flexural 

strength of 82.4 and 73.6 MPa, respectively. Therefore, all compatibilizers provided an 

improvement in the mechanical properties of the PLA/ASF pieces. 

As it can be seen in Table 5, the incorporation of ASF resulted in a noticeable increase of the 

Shore D hardness. In particular, it increased from 78 to approximately 84, which can be related 

to the reinforcing effect of a hard fillers on the biopolymer matrix. The addition of all three 

compatibilizers produced similar Shore D hardness values, in the range of the unmodified green 

composite piece. In relation to impact strength, as opposite to hardness, this was highly affected 

by both the introduction of ASF and the addition of the different compatibilizers. While the neat 

PLA piece showed an impact strength of 16.1 kJ·m-2, which indicates that it is inherently a brittle 

material, the uncompatibilized green composite piece presented a value of only 6.2 kJ·m-2. This 

can be related to high content of ASF, i.e. 25 wt.-%, that potentially produced high tensile stresses 

and very low deformation levels along the piece, leading to a low impact-energy absorption. Since 

the ability of the green composite pieces to absorb energy was remarkably compromised, this 

represents a crucial drawback of the green composites for most applications from a technical 

standpoint. Interestingly, the three tested compatibilizers induced a positive effect on the impact 

strength, which were in the range of 8–11 kJ·m-2. The highest toughness was observed for the 

green composite piece compatibilized with MLO, yielding an impact-strength value of 10.1 kJ·m-

2, which represents a percentage increase of about 63% in comparison to the uncompatibilized 

PLA/ASF composite piece. 

 

3.5. Thermomechanical properties of green composite pieces 

Table 5 also includes the VST and HDT values of the injection-molded PLA/ASF composite 

pieces. The neat PLA piece showed a VST of 56 ºC while this value increased to 77 ºC for the 

green composite piece containing 25 wt.-% ASF. The addition of the compatibilizers further 

induced a slight increase in VST, showing values close to 80 ºC in all cases. A similar tendency 

was observed in the case of the HDT values. Whereas the neat PLA piece was characterized by 

having a HDT value of approximately 54 ºC, the unmodified green composite piece presented a 



value of 64 ºC. The three tested compatibilizers slightly improved HDT of the pieces to values in 

the 66–68 ºC range, which is an additional indication of their effect on enhancing the filler–

biopolymer interfacial adhesion. Therefore, the service temperature of the PLA-based pieces was 

increased with the incorporation of ASF while the addition of the compatibilizers reinforced this 

thermomechanical enhancement. 

Figure 6 represents the evolution of storage modulus and damping factor (tan δ) vs. temperature 

for the injection-molded pieces obtained from DMTA. Figure 6a shows the evolution of the 

storage modulus for the neat PLA and its green composite pieces. In the case of the neat PLA 

piece, this presented a storage modulus value of 1.6–1.5 GPa up to 50 ºC. Then, the storage 

modulus sharply decreased by three orders of magnitude in the 50–70 ºC range, down to values 

of 2–3 MPa. This phenomenon corresponds to the alpha (α)-relaxation of the biopolymer, which 

is ascribed to the glass–rubber transition behavior and relates to the biopolymer’s Tg. A second 

important change was observed in the 80–100 ºC range, which is attributed to the cold 

crystallization process. As previously discussed during the DSC analysis, once the Tcc is reached, 

PLA chains tend to rearrange in a more ordered structure that provides a more thermomechanical 

resistance. In particular, the storage modulus reached values of approximately 100 MPa. The 

incorporation of ASF into PLA increased the storage modulus values in the glass region to 1.9–

1.75 GPa. Additionally, cold crystallization occurred at lower temperatures, i.e. 75– 85 ºC. This 

observation confirms that the lignocellulosic fillers acted as a nucleating agent for PLA. In 

addition, higher storage values, of around 250 MPa, were obtained after the cold crystallization 

process. 

In relation to the effect of the different compatibilizers, both ESAO and AC provided a similar 

thermomechanical improvement. In particular, for these two compatibilizers, the storage modulus 

increased in the glassy region of the biopolymer up to values of 2.2–2 GPa while the cold 

crystallization process was observed in a temperature range similar to that of the neat PLA piece. 

In the case of MLO, the piece presented lower values of storage modulus, particularly below Tg.  

Indeed, the curve of the green composite piece compatibilized with MLO was located below that 



of the uncompatibilized green composite at the whole temperature range. This confirms the 

plasticizing effect provided by MLO. Moreover, a decrease in the cold crystallization process was 

observed, as previously detected by DSC. According to these findings, the addition of MLO 

interestingly provided two simultaneous effects. On the one hand, MLO acted as typical 

plasticizer with a lubricant effect and, on the other hand, it contributed to increasing the PLA–

ASF interfacial adhesion. These two phenomena had a positive effect on the overall polymer 

chain mobility, lowering both Tg and Tcc [56, 57]. 

Figure 6b shows the evolution of tan δ versus temperature for PLA and its green composite 

pieces. The peak represents the α-relaxation of the biopolymer, which relates to its Tg. As it can 

be observed, the neat PLA piece presented a Tg value of about 63 ºC and this value was slightly 

reduced to the 61–62 ºC range for all PLA/ASF composite pieces, with the exception of the MLO-

treated piece in which Tg was even lower due to its above-described plasticizing effect on PLA. 

Therefore, MLO provided increased mobility and free volume, which reduced the polymer chain 

interactions with a direct effect on lowering the Tg [58]. Another important behavior to note is the 

relatively low damping factor observed for the green composite pieces. Whereas the neat PLA 

piece showed a maximum damping factor of approximately 3.2, this decreased down to values in 

the 1.5–2 range in the green composite pieces. This reduction implies a lower energy dissipation 

and reduced toughness due to the presence of the lignocellulosic filler [28]. In particular, the 

PLA/ASF composite piece with the lowest damping factor, i.e. ~1.6, corresponded to the ESAO-

compatibilized piece. 

 

3.6. Morphology of green composite pieces 

Figure 7 gathers the FESEM images of the fracture surfaces of the green composite pieces, 

obtained after the impact tests. The fracture surface of the unmodified green composite, shown in 

Figure 7a, revealed the absence of ASF particles. Indeed, the uncompatibilized green composite 

presented several voids that would correspond to the detached particles after impact, which also 

copied the granular surface of the ASF particles. It is expected that, as the lignocellulosic fillers 

did not interact with the PLA matrix, these subsequently acted as stress concentrators. This 



supports the above-described mechanical results, indicating that the uncompatibilized green 

composite pieces presented a brittle behavior. Figure 7b shows the FESEM micrograph 

corresponding to the green composite piece compatibilized with ESAO. Although some voids can 

be yet observed after fracture, some ASF particles were attained to the PLA matrix. Interestingly, 

the embedded ASF particles also broke during fracture, which is an indication of their higher 

interfacial adhesion with PLA. In addition, the gap between the ASF particles and the surrounding 

biopolymer matrix was relatively low. This gap can be still detected in some particles (see black 

arrows) while it was fully indiscernible in others (see white arrows). With regard to the AC-

compatibilized PLA/ASF composite piece, shown in Figure 7c, it also showed the presence of 

ASF particles embedded in the PLA matrix. Nevertheless, in this case, a larger gap between the 

ASF particles and the surrounding PLA matrix was observed (see white arrows). The piece also 

showed some gaps due to a phenomenon of particle debonding while certain plastic deformation 

of the PLA matrix can be also observed by the presence of long filaments. Finally, the green 

composite piece compatibilized with MLO, included in Figure 7d, presented a softer fracture 

surface with the presence of fully embedded ASF particles. This image also supports the 

hypothesis that the presence of MLO in the green composites improved ASF wettability based on 

the plasticization of the PLA matrix [59]. The filler–matrix gaps were relatively low (see white 

arrows) though some few voids were also discerned. In addition, phase separation was not 

detectable. As a result, the addition of the three compatibilizers successfully improved the 

adhesion between the blended components, facilitating a better stress transfer from the filler to 

the biopolymer matrix. 

  

3.7. Water uptake of green composite pieces 

One of the most important drawbacks of green composites or any material based on hydrophilic 

fillers is their tendency to absorb water. Figure 8 shows the evolution of the water uptake of the 

injection-molded pieces for a period of 15 weeks of immersion in water. The neat PLA piece 

presented a relatively low water absorption for the whole tested period, with an asymptotic value 

of approximately 0.7 wt.-%. This supports the intrinsic hydrophobic behavior of PLA. However, 



after the incorporation of ASF, all pieces showed a considerable increase in the values of water 

uptake up to 4–5 wt.-%. In the case of the unmodified green composite piece, after 15 weeks, this 

stabilized at a water content of approximately 4.8 wt.-%. Therefore, the ASF fillers, due to its 

high number of hydroxyl groups, present a high tendency to trap moisture [60]. The incorporation 

of ESAO and AC compatibilizers slightly reduced the water uptake profile of the green composite 

pieces, indicating that the available number of hydroxyl groups exposed to water was reduced. 

The highest improvement was particularly observed for the ESAO-compatibilized PLA/ASF 

composite piece, which showed a final water content of approximately 4.2 wt.-%, i.e. an 

improvement of around 14% vs. the uncompatibilized green composite piece. Nevertheless, the 

water uptake increased for the green composite piece compatibilized with MLO. Particularly, its 

slope during the first weeks was more pronounced, showing a more typical Fickean behavior. 

This can be related to the above-described plasticizing effect of MLO on the PLA matrix by which 

its free volume is enlarged, favoring water diffusion.  

 

4. Conclusions 

Injection-molded green composite pieces based on PLA and ASF at 25 wt.-% are herein presented 

as an interesting sustainable solution within the Circular Economy concept since these materials 

are able to upgrade agro-food wastes as well as contribute to reducing the cost of bioplastics. The 

resultant green composite pieces, however, presented poor physical properties due to the lack of 

compatibility between PLA and the ASF fillers. The addition of different compatibilizers based 

on three different chemical functionalities, namely epoxy, carbodiimide, and maleic anhydride, 

was tested. All three compatibilizers successfully improved the thermal stability, mechanical 

performance, and thermomechanical properties of the green composite pieces though their effect 

on water uptake was relatively low. Compatibilization achieved was also supported by the 

analysis of the fracture surface of the green composites, which showed an enhancement of the 

interfacial adhesion between the ASF fillers and the PLA matrix. In particular, both ESAO and 

MLO compatibilizers provided the highest improvement in terms of mechanical strength and 

ductility, respectively. It was proposed that these compatibilizers, based on multi-functional 



epoxy and maleic anhydride groups, respectively, are able to enhance interfacial adhesion of the 

green composite components by a process of melt grafting of the ASF fillers onto the PLA chains 

(and partially hydrolyzed PLA chains). In the case of the multi-functionalized vegetable oil, it 

additionally provided certain plasticization of the PLA matrix. Additionally, compatibilization by 

MLO represents a more sustainable strategy for compatibilization of green composites due to 

their intrinsic eco-friendly condition. Future in-depth studies are being currently conducted to 

optimize the content of each compatibilizer as well as to explore the use of novel low-MW 

additives with different functionalities for the compatibilization of green composites and 

biopolymer blends. 
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Figure Captions 

Figure 1. Field emission scanning electron microscopy (FESEM) images of almond shell flour 

(ASF) particles taken at: a) 100x with a scale marker of 100 m and the ASF powder histogram; 

b) 500x with a scale marker of 10 m. 

Figure 2. Surface aspect of the injection-molded pieces made of: a) Neat polylactide (PLA); b) 

Uncompatibilized PLA/almond shell flour (ASF); c) Compatibilized PLA/ASF with multi-

functional epoxy-based styrene-acrylic oligomer (ESAO); d) Compatibilized PLA/ASF with 

aromatic carbodiimide (AC); e) Compatibilized PLA/ASF with maleinized linseed oil (MLO). 

Figure 3. Differential scanning calorimetry (DSC) curves of the injection-molded pieces made of 

neat polylactide (PLA) and its green composites with almond shell flour (ASF) compatibilized 

with multi-functional epoxy-based styrene-acrylic oligomer (ESAO), aromatic carbodiimide 

(AC), and maleinized linseed oil (MLO).  

Figure 4. Thermal stability of the injection-molded pieces made of neat polylactide (PLA) and 

its green composites with almond shell flour (ASF) compatibilized with multi-functional epoxy-

based styrene-acrylic oligomer (ESAO), aromatic carbodiimide (AC), and maleinized linseed oil 

(MLO) in terms of: a) Thermogravimetric analysis (TGA) curves; b) Derivative 

thermogravimetric (DTG) curves.   

Figure 5. Mechanical properties of the injection-molded pieces made of neat polylactide (PLA) 

and its green composites with almond shell flour (ASF) compatibilized with multi-functional 

epoxy-based styrene-acrylic oligomer (ESAO), aromatic carbodiimide (AC), and maleinized 

linseed oil (MLO) in terms of: a) Tensile properties (tensile modulus and tensile strength) and 

elongation at break); b) Flexural properties (flexural modulus and flexural strength). 

Figure 6. Dynamical mechanical thermal analysis (DMTA) curves of the injection-molded pieces 

made of neat polylactide (PLA) and its green composites with almond shell flour (ASF) 

compatibilized with multi-functional epoxy-based styrene-acrylic oligomer (ESAO), aromatic 

carbodiimide (AC), and maleinized linseed oil (MLO) in terms of:  a) Storage modulus; b) 

Damping factor. 



Figure 7. Field emission scanning electron microscopy (FESEM) images of the fracture surfaces 

of the injection-molded pieces made of: a) Uncompatibilized polylactide (PLA)/almond shell 

flour (ASF); b) Compatibilized PLA/ASF with multi-functional epoxy-based styrene-acrylic 

oligomer (ESAO); c) Compatibilized PLA/ASF with aromatic carbodiimide (AC); d) 

Compatibilized PLA/ASF with maleinized linseed oil (MLO). Scale markers of 10 m. 

Figure 8. Water uptake of the injection-molded pieces made of neat polylactide (PLA) and its 

green composites with almond shell flour (ASF) compatibilized with multi-functional epoxy-

based styrene-acrylic oligomer (ESAO), aromatic carbodiimide (AC), and maleinized linseed oil 

(MLO).



 

Table 1. Summary of the different compatibilizers with their main relevant information. 

 

 

Compatibilizer Commercial 

code 

Supplier Chemical structure Description 

Multi-functional 

epoxy-based styrene-

acrylic oligomer 

(ESAO) 

Joncryl® ADR 

4368-C 

BASF S.A. 

(Barcelona, Spain) 

 

Molecular weight (Mw) = 

6800 g·mol-1 

Glass transition 

temperature (Tg) = 54 ºC  

Epoxy equivalent weight 

(EEw) = 285 g·mol-1 

Aromatic 

carbodiimide (AC) 

BioAdimide® 500 

XT 

Rhein Chemie 

Rheinau GmbH 

(Mannheim, 

Germany) 

 

Carbodiimide content 

(CC) > 13% 



Maleinized linseed 

oil (MLO) 

VEOMER LIN Vandeputte 

(Mouscron, 

Belgium) 

 

 

Viscosity = 1,000 cP 

(20°C) 

Acid value (AV) = 105–

130 mg KOH·g-1 

 

Table 2. Color indexes (L*, a*, b*) of the injection-molded pieces made of neat polylactide (PLA) and its green composites with almond shell flour (ASF) 

compatibilized with multi-functional epoxy-based styrene-acrylic oligomer (ESAO), aromatic carbodiimide (AC), and maleinized linseed oil (MLO). 

 

Sample 𝑳∗ 𝒂∗ 𝒃∗ 

PLA 94.1 ± 0.2 -1.1 ± 0.1 1.4 ± 0.1 

PLA/ASF 26.4 ± 0.2 3.5 ± 0.1 3.6 ± 0.2 

PLA/ASF + ESAO 28.4 ± 0.3 3.4 ± 0.2 3.3 ± 0.1 

PLA/ASF + AC 29.5 ± 0.2 4.9 ± 0.2 6.5 ±0.2 

PLA/ASF + MLO 31.9 ± 0.1 5.3 ± 0.2 6.3 ± 0.2 

 



Table 3. Thermal properties obtained from the differential scanning calorimetry (DSC) curves in terms of normalized enthalpy of cold crystallization (ΔHcc), 

cold crystallization temperature (Tcc), normalized enthalpy of melting (ΔHm), melting temperature (Tm), and percentage of crystallinity (Xc) of the injection-

molded pieces made of neat polylactide (PLA) and its green composites with almond shell flour (ASF) compatibilized with multi-functional epoxy-based 

styrene-acrylic oligomer (ESAO), aromatic carbodiimide (AC), and maleinized linseed oil (MLO). 

 

Sample ∆Hcc  

(J·g-1) 

Tcc  

(ºC) 

∆Hm  

(J·g-1) 

Tm  

(ºC) 

Xc  

(%) 

PLA 25.1 ± 0.6 112.5 ± 1.1 33.7 ± 0.4 172.1 ± 1.1 9.2 ± 0.4 

PLA/ASF 22.6 ± 0.6 111.4 ± 0.9 30.9 ± 0.3 169.6 ± 0.9 11.9 ± 0.3 

PLA/ASF + ESAO 22.3 ± 0.7 125.3 ± 0.8 24.6 ± 0.3 167.8 ±1.0 3.3 ± 0.4 

PLA/ASF + AC 24.9 ± 0.5 120.0 ± 0.9 25.5 ± 0.3 171.3 ± 0.8 0.9 ± 0.3 

PLA/ASF + MLO 10.6 ± 0.6 103.9 ± 1.0 31.7 ± 0.4 172.3 ± 0.9 30.5 ± 0.4 

 

 

 

 

 

 



Table 4.- Thermal properties obtained from the thermogravimetry analysis (TGA) curves of the injection-molded pieces made of neat polylactide (PLA) 

and its green composites with almond shell flour (ASF) compatibilized with multi-functional epoxy-based styrene-acrylic oligomer (ESAO), aromatic 

carbodiimide (AC), and maleinized linseed oil (MLO). Residual mass was determined at 700 °C 

 

Sample 1st step 2nd step 

Onset 

(ºC) 

EndSet 

(ºC) 

Residual mass (%) 

Onset 

(ºC) 

EndSet 

(ºC) 

Residual mass (%) 

PLA 334.6 ± 1.1 392.6 ± 1.0 2.1 ± 0.2 - - 0.7 ± 0.1 

PLA/ASF 315.5 ± 1.0 373.3 ± 1.2 15.0 ± 0.3 373.3 ± 1.0 486.0 ± 0.9 0.9 ± 0.1 

PLA/ASF + ESAO 317.3 ± 0.1 383.7 ± 1.1 10.2 ± 0.2 383.7 ± 1.0 490.9 ± 1.0 0.6 ± 0.1 

PLA/ASF + AC 311.0 ± 0.9 377.6 ± 1.0 14.0 ± 0.2 377.6 ± 1.0 494.8 ± 1.1 0.7 ± 0.1 

PLA/ASF + MLO 315.5 ± 1.0 378.8 ± 1.0 14.2 ± 0.2 378.8 ± 0.5 463.0 ± 1.0 0.8 ± 0.1 

 

  



Table 5.- Shore D hardness, impact strength, Vicat softening temperature (VST), and heat deflection temperature (HDT) of the injection-molded pieces made 

of neat polylactide (PLA) and its green composites with almond shell flour (ASF) compatibilized with multi-functional epoxy-based styrene-acrylic oligomer 

(ESAO), aromatic carbodiimide (AC), and maleinized linseed oil (MLO). 

 

Sample D Shore hardness 

Impact strength  

(kJ·m-2) 

VST (ºC) HDT (ºC) 

PLA 78.0 ± 1.2 16.1 ± 6.1 56.0 ± 1.0 53.9 ± 0.7 

PLA/ASF 83.8 ± 1.3 6.2 ± 1.1 77.0 ± 1.2 64.0 ± 1.2 

PLA/ASF + ESAO 83.8 ± 1.8 9.3 ± 1.5 81.9 ± 1.6 67.4 ± 0.8 

PLA/ASF + AC 83.0 ± 1.6 8.5 ± 1.6 81.8 ± 1.2 67.7 ± 1.2 

PLA/ASF + MLO 83.2 ± 2.5 10.1 ± 1.9 79.6 ± 1.3 66.9 ± 1.7 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 



Figure 8 

 

 

 


