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14 Abstract

15 This study investigates the influence of epoxidized camelina oil (ECO) as a plasticizer on the on 

16 the thermal behavior, mechanical performance, and morphological features of polylactic acid 

17 (PLA). ECO was incorporated into PLA at 5%, 10%, and 15% by weight, and its effect on 

18 elongation at break, impact resistance, modulus, and fracture behavior was evaluated. Nuclear 

19 Magnetic Resonance (NMR) spectroscopy confirmed the successful epoxidation of camelina oil, 

20 with the disappearance of olefinic proton signals and the appearance of oxirane group signals, 

21 validating the high degree of functionalization. Similarly, Fourier-transform infrared (FTIR) 

22 spectroscopy confirmed the conversion of double bonds into epoxide groups through the 

23 appearance of oxirane peaks and the disappearance of -C=C-H stretching vibrations, along with 

24 shifts in PLA carbonyl peaks, indicating hydrogen bonding and strong intermolecular interactions.  

25 Mechanical testing showed that addition of 10% ECO significantly enhanced the material 

26 properties, with a 1680% increase in elongation at break and a 24% improvement in impact 

27 strength compared to neat PLA, indicating substantial improvements in flexibility and toughness. 

28 SEM micrographs of tensile and impact fracture surfaces confirmed the transition from brittle to 

29 ductile failure with increasing ECO content, showing rougher surfaces, localized plastic 

30 deformation, and reduced crack propagation. Thermal analysis demonstrated a reduction in glass 

31 transition temperature with ECO addition, further validating its role as a plasticizer. This study 

32 demonstrates that ECO effectively tailors the properties of PLA, making it suitable for applications 

33 requiring improved ductility, toughness, and energy absorption, such as packaging and biomedical 

34 materials.
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1 Keywords: Polylactic acid (PLA), Epoxidized Camelina Oil (ECO), Plasticizer, Elongation at 

2 Break, Impact Strength, Energy Absorption

3

4 Highlights

5 • Epoxidized camelina oil (ECO) was successfully utilized as a renewable plasticizer to 
6 enhance the properties of polylactic acid (PLA).
7 • Nuclear Magnetic Resonance (NMR) confirmed the disappearance of olefinic protons 
8 and appearance of oxirane protons, while ATR-FTIR identified oxirane peaks and PLA 
9 carbonyl shifts, validating strong ECO-PLA interactions.

10 • Mechanical testing showed a 1680% increase in elongation at break and a 25% rise in 
11 impact strength, transitioning PLA from brittle to ductile.
12 • SEM revealed rougher fracture surfaces with fibrillation, indicating enhanced energy 
13 absorption and chain mobility in ECO-PLA blends.
14 • ECO effectively reduced PLA’s glass transition temperature, improving flexibility and 
15 toughness for packaging and biomedical applications.

16

17 1. Introduction

18 In recent years, an increased concern has been seen on climate change by the government, 

19 industries, and communities due to the higher rate of greenhouse gas emissions resulting from non-

20 renewable disposal wastes and emphasized their replacement with renewable resources or bio-

21 based materials[1–3]. Polylactic acid (PLA) offers an attractive "green" alternative to petroleum-

22 based plastics due to its renewable origin from the fermentation of agricultural carbohydrates. With 

23 similar performance properties to many commodity plastics, PLA has been found to degrade 

24 within 3-6 months under composting conditions. In order for polymer to be considered 

25 compostable, greater than 90% weight loss must occur within 180 days, the degradation process 

26 should not produce any toxic by-products, and the final compost should be able to support plant 

27 growth [4]. PLA is said to meet these criteria, making it an ideal candidate to reduce environmental 

28 impact. Due to its biodegradability, high mechanical strength and biocompatibility, it is an 

29 attractive candidate in numerous industrial applications such as textiles, packaging, biomedical 

30 and many others [5–7]. However, its low toughness and elongation at break limit its potential 

31 applications to serve as a substitute of fossil-derived materials and products[8,9]. Hence, 

32 improving the toughness and ductility of PLA is an ultimate requirement for its application in the 

33 development of bio-based materials. In this regard, numerous techniques and strategies such as 
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1 copolymerization, blending with other polymers, PLA modification using plasticizers, and 

2 incorporating fillers, have been employed to toughen PLA [10,11]. 

3 Plasticizers play a dual role in polymer systems: they not only improve processability but also 

4 enhance the flexibility and ductility of rigid, glassy polymers. For PLA, an ideal plasticizer should 

5 effectively lower its glass transition temperature (Tg), be biodegradable, non-toxic, non-volatile, 

6 and exhibit minimal leaching or migration over time [12–14]. The efficiency of a plasticizer is 

7 typically assessed by its ability to reduce Tg and improve tensile toughness, which depends on its 

8 compatibility with the polymer matrix, molecular weight, and loading concentration [15–17]. 

9 Plant oils being renewable, non-toxic, inexpensive, abundant, and biodegradable [18,19] are 

10 considered as a suitable green feedstock and alternative to petroleum based additives/plasticizer to 

11 serve as a toughness modifier for PLA. Although, different derivatized forms of vegetable oils 

12 such as epoxidized palm oil and soybean [20–23], maleinized linseed, hempseed, and cotton seed 

13 oil [24–26], and acrylated epoxidized soybean oil [21] have been reported as a plasticizer to 

14 improve PLA toughness. However, most vegetable oil derivatives have not provided the desired 

15 toughness due to their incompatibility with PLA [27,28]. 

16 Camelina oil presents several advantages that make it a promising precursor for renewable 

17 plasticizers. It is a non edible oilseed crop that grows well on marginal land with low fertilizer and 

18 water requirements, which reduces competition with food resources and improves its overall 

19 sustainability profile [29]. The oil contains a high proportion of polyunsaturated fatty acids, 

20 typically 50%, with alpha-linolenic acid (30–40%) as the dominant component [30]. This high 

21 level of unsaturation provides a large number of reactive carbon carbon double bonds, which 

22 enables efficient conversion to oxirane rings during epoxidation and results in a high epoxy group 

23 density per gram of product. A high epoxy density strengthens the interaction between the 

24 modified oil and polar polymer matrices such as PLA and improves plasticization performance. 

25 Previous studies have shown that epoxidized oils with higher unsaturation produce more effective 

26 toughening and flexibility improvements in biodegradable polymers because of their higher 

27 reactivity and stronger secondary interactions with the polymer chains. These characteristics 

28 highlight the potential of camelina oil as a suitable and sustainable feedstock for the development 

29 of renewable plasticizers.
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1 In this study, camelina oil, sourced from “Camelina Sativa, a non-food oilseed crop, was 

2 epoxidized and utilized as a plasticizer to enhance ductility and toughness of PLA. Camelina oil 

3 with high unsaturated content (90%) was epoxidized through treatment with hydrogen peroxide 

4 and formic acid, using a catalyst to facilitate the reaction [31,32]. The developed epoxidized 

5 camelina oil (ECO) after characterization with Fourier Transform Infrared (FTIR) and Nuclear 

6 Magnetic Resonance (NMR) was used as plasticizer in PLA. Various ratios of ECO (5, 10 and 

7 15%) as a plasticizer were blended with PLA using injection molding. The fabricated blends of 

8 epoxidized camelina oil in PLA (ECO-PLA) were investigated for thermal and mechanical 

9 properties to see the impact of plasticizer on the improvement in toughness and ductility of PLA. 

10 2. Materials and Methods

11 2.1. Materials

12 Camelina oil was obtained from Smart Earth Company (Saskatoon, Canada). Polylactic acid 

13 (PLA) (Ingeo 3251D) was supplied by NatureWorks and has a melting temperature range between 

14 155 °C and 170 °C. Its melt flow rate, at 190 °C under a load of 2.16 kg, falls within the range of 

15 30 to 40 g/10 min. Additional chemicals, including Amberlite-IR120 ion exchange resin (hydrogen 

16 form, Fluka, St. Louis, MO, USA), formic acid (98%, EMD Millipore), hydrogen peroxide (30 

17 wt.% in water), toluene (≥99.5%), sodium chloride (≥99.0%), and anhydrous magnesium sulfate 

18 (≥97%), were purchased from Sigma Aldrich and used without further modification.

19 2.2. Epoxidation of Camelina Oil (ECO)

20 The camelina oil was epoxidized using a method adapted from a previously reported procedure 

21 [33]. Briefly, 200 g of camelina oil, 20g amberlite ion exchange resin-H+, and 33.3 g of formic 

22 acid, were taken and dissolved in 150 mL toluene. 200 mL of H2O2 solution (30 wt. %) was added 

23 dropwise into the flask in about 20 minutes. Caution should be taken due to the highly exothermic 

24 nature of the reaction. After addition of H2O2, the temperature was maintained at 60 ℃, while 

25 applying heat source. The reaction was completed in 3 hours as checked by FTIR. Upon 

26 completion, the reaction mixture was cooled down to room temperature, and the resin was removed 

27 by filtration. The organic layer was washed three times with 750 mL of water, and 100 mL of brine 

28 added to separate any emulsions. The washed organic layer was dried using anhydrous magnesium 
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1 sulfate, filtered, and evaporated using rotary vapor. The process yielded a light-yellow liquid 

2 product weighing 201 g.

3 In this study, Amberlite IR120 in the hydrogen form was selected as the catalyst for the epoxidation 

4 of camelina oil because it provides strong protonic acidity, high catalytic efficiency, and 

5 convenient handling during the Prilezhaev type epoxidation reaction. The solid resin promotes the 

6 in situ formation of performic acid from formic acid and hydrogen peroxide, which then reacts 

7 with the unsaturated bonds in camelina oil to form oxirane rings. Unlike liquid mineral acids such 

8 as sulfuric acid, Amberlite does not create corrosion concerns, does not require neutralization after 

9 the reaction, and reduces the formation of unwanted side products, including excessive ring 

10 opening or oxidative degradation. The heterogeneous nature of the resin allows simple removal by 

11 filtration and enables reuse in subsequent reactions, which improves the sustainability of the 

12 process. These advantages, combined with reliable catalytic activity and minimal environmental 

13 impact, make Amberlite IR120 an effective and practical catalyst for producing highly epoxidized 

14 camelina oil.

15 2.3. Fabrication of ECO-PLA Blends

16 The PLA pellets and ECO were subjected to drying in an oven at 80 °C overnight to achieve a 

17 moisture content below 0.1%. The blends of PLA and ECO were prepared using a DSM Xplore 

18 15 mL laboratory-scale microcompounder (Xplore Instruments BV, The Netherlands), equipped 

19 with co-rotating twin screws of 150 mm length and an aspect ratio (L/D) of 18, and a barrel 

20 comprising three independently controlled heating zones. For extrusion, PLA and ECO (5 wt.%, 

21 10 wt.%, and 15 wt.%) were manually mixed and directly fed into the barrel. The compounding 

22 was performed at a processing temperature of 180 °C and a screw speed of 100 rpm. The materials 

23 were retained within the barrel for a fixed residence time of 2 minutes to ensure complete melt 

24 homogenization before being transferred directly into the injection molding chamber, which was 

25 set at 40 °C. The prepared blends were labeled as 5% ECO-PLA, 10% ECO-PLA, and 15% ECO-

26 PLA, respectively. A neat PLA control sample (without ECO) was also processed under identical 

27 conditions for comparison.

28 3. Characterization Techniques

29 Fourier-transform infrared (FTIR) Analysis
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1 FTIR analysis was performed on the prepared samples using a Nicolet 6700 ATR-FTIR 

2 spectrometer (ThermoScientific, USA). The spectra were recorded at a resolution of 4 cm⁻¹ across 

3 a wavenumber range of 500–4000 cm⁻¹, with an average of 64 scans per spectrum.

4 Nuclear Magnetic Resonance (NMR) Analysis

5 NMR spectra were recorded on a Bruker AVANCE III spectrometer operating at 600 MHz, 

6 equipped with a 5-mm TCI cryoprobe. Deuterated chloroform (CDCl₃) was used as the solvent for 

7 all experiments.

8 Thermal Analysis

9 Differential scanning calorimetry (DSC) was performed using a Q200 system (TA Instruments, 

10 New Castle, DE, USA), which included a cooling system, to determine the melting, crystallization, 

11 and glass transition temperatures of the samples. Specimens weighing 5–10 mg were sealed in 

12 aluminum pans for the analysis. The procedure commenced with an initial heating cycle from -70 

13 °C to 200 °C at a heating rate of 10 °C/min, followed by an isothermal hold for 2 minutes at 200 

14 °C. This was followed by a cooling cycle to cool the sample to -70 °C from 200 °C  at a rate of 5 

15 °C/min, with an additional isothermal hold at -70 °C for 2 minutes. Finally, a second heating cycle 

16 was carried out under the same conditions as the first heating cycle.

17 Thermogravimetric analysis (TGA) was performed using a Q500 thermogravimetric analyzer (TA 

18 Instruments, Delaware, USA) to examine the thermal degradation behavior of the samples. 

19 Specimens with a mass of 10-20 mg were heated from room temperature to 600 °C at a rate of 10 

20 °C/min, while maintaining a nitrogen flow of 60 mL/min. 

21 Dynamic Mechanical Analysis (DMA)

22 DMA was performed using a Q800 Dynamic Mechanical Analyzer (TA Instruments, USA) to 

23 evaluate the viscoelastic properties of neat PLA and ECO-PLA blends. Rectangular specimens (35 

24 mm × 12 mm × 3 mm) were tested using a dual cantilever clamp in multi-frequency strain mode. 

25 The analysis was conducted at a fixed frequency of 1 Hz and a displacement amplitude of 20 μm, 

26 ensuring that measurements were taken within the linear viscoelastic region (LVR). The test began 

27 with temperature equilibration at -35 °C, followed by heating to 120 °C at a rate of 3 °C/min under 

28 multi-frequency strain mode. Throughout the test, the storage modulus (E′), loss modulus (E″), 

29 and damping factor (tan δ) were recorded. The glass transition temperature (Tg) was determined 
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1 from the peak of the tan δ curve, and the effect of ECO concentration on molecular mobility was 

2 analyzed from shifts in both Tg and modulus behavior.

3 Mechanical Characterization

4 Mechanical testing, including tensile, flexural, and impact tests, was conducted to evaluate the 

5 effects of ECO on the properties of PLA. All tests were performed on five replicates for each 

6 formulation to ensure reliability and account for variability. Tensile testing was carried out using 

7 a universal testing machine (Instron 3382, Massachusetts, USA), equipped with a 5kN load cell, 

8 following ASTM D638 standard [34]. The tests were conducted at a crosshead speed of 5 mm/min 

9 using dog-bone-shaped specimens to measure tensile strength, elongation at break, and modulus. 

10 Flexural tests were performed according to ASTM D790 standard [35], using the same testing 

11 machine under identical environmental conditions. Impact tests were conducted on notched Izod 

12 specimens using an impact tester (Zwick/Roell HIT25P, Ulm, Germany) in compliance with 

13 ASTM D256 standard [36]. A 2.75 J capacity pendulum hammer was used for all tests. All tests 

14 were performed on five replicates, and the reported values represent the average results.

15 Morphological analysis

16 The tensile and impact-fractured surfaces of PLA and ECO-PLA samples were analyzed using 

17 scanning electron microscopy (SEM) (Phenom-World, BV, North Brabant) to examine their 

18 morphological characteristics. A thin gold coating was applied to the surfaces to improve 

19 conductivity, and the analysis was performed at an operating voltage of 10 kV.

20 4. Results and Discussion

21 Camelina oil, known for its high unsaturated content, was epoxidized using hydrogen peroxide 

22 and formic acid, with Amberlite ion exchange resin-H+ serving as the catalyst. The resulting 

23 epoxidized oil was then employed as a plasticizer for PLA. Various proportions of ECO (5%, 10%, 

24 and 15%) were blended with PLA through injection molding to develop the desired blends. 

25 Furthermore, the characterization of the synthesized ECO and the evaluation of the developed 

26 blends for their thermal and chemical properties are discussed in the subsequent sections. Scheme 

27 1 illustrates the epoxidation process of camelina oil, while scheme 2 depicts the proposed chemical 

28 interactions between ECO and PLA, potentially involving hydrogen bonding and 

29 esterification/transesterification.
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2 Scheme 1: Epoxidation of camelina oil in the presence of acidic ion exchange resin.
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4 Scheme 2: Proposed chemical interactions of ECO with PLA via hydrogen bonding and or 
5 esterification/transesterification.

6

7 4.1. FTIR Analysis

8 FTIR spectroscopy provided essential insights into the molecular interactions between ECO and 

9 PLA, confirming both the successful epoxidation of camelina oil and the plasticizing effect of 

10 ECO in the blends. For the pure ECO sample, the epoxidation was confirmed by the disappearance 

11 of the C=C-H stretching peak at around 3014 cm⁻¹, characteristic of camelina oil’s unsaturated 

12 double bonds as can be seen in Figure 1(a). This was replaced by a new peak at approximately 825 

13 cm⁻¹, associated with the symmetric and asymmetric stretching of the oxirane (epoxide) ring, 
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1 indicating successful conversion of double bonds to reactive epoxide groups [37,38]. These 

2 epoxide groups are important for compatibility with PLA, as they facilitate intermolecular 

3 interactions and potential chemical reactions with PLA functional groups. In the ECO-PLA blends 

4 (Figure 1(b)), several notable changes in the FTIR spectrum further highlighted the interactions 

5 between ECO and PLA. The carbonyl (C=O) stretching peak of PLA, typically observed around 

6 1750 cm⁻¹, shifted slightly to lower wavenumbers in the ECO-PLA blends, especially at higher 

7 ECO content (10% and 15%). This shift suggests that hydrogen bonding occurs between PLA’s 

8 carbonyl groups and hydroxyl groups formed from the epoxide ring opening in ECO, which 

9 reduces the vibrational energy and shifts the absorption frequency of the carbonyl group [39,40]. 

10 A broad band appeared in the 3500–3200 cm⁻¹ region, corresponds to O-H stretching vibrations, 

11 indicating the presence of hydroxyl groups formed as a result of epoxide ring opening in ECO 

12 [41]. The presence of these hydroxyl groups, likely forming hydrogen bonds with PLA, confirms 

13 the strong interaction between ECO and PLA [42]. These interactions contribute to the plasticizing 

14 effect observed in the blends, where the increased mobility of PLA chains results in improved 

15 flexibility and toughness.

16 Additionally, the FTIR spectrum showed changes in the aliphatic C-H stretching region (2950–

17 2850 cm⁻¹) as ECO content increased, reflecting the introduction of more aliphatic chains from 

18 ECO. While the intensity of these peaks did not significantly increase, their presence confirms the 

19 successful integration of ECO, which contributes to improved ductility and reduced stiffness in 

20 the blends [43].
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1

2 Figure 1: ATR-FTIR spectra of (a) CO and ECO; (b) neat PLA, 5% ECO-PLA, 10% ECO-PLA, 
3 and 15% ECO-PLA.

4

5 4.2. NMR Analysis

6 Figure 2 highlights the 1H NMR spectra of camelina oil (CO) before and after epoxidation, 

7 illustrating the successful transformation of unsaturated double bonds into oxirane (epoxide) 

8 groups. In the spectrum of unmodified CO, prominent peaks were observed at 5.3–5.5 ppm, 

9 corresponding to the protons of olefinic double bonds (–HC=CH–). The disappearance of peaks 

10 associated with double bonds in the ECO spectrum indicates their successful conversion into 

11 oxirane groups. Simultaneously, the peaks appearance in the range of 2.8–3.2 ppm corresponds to 

12 protons in the oxirane rings, confirming the formation of epoxide groups. This spectral shift is a 

13 definitive indicator of the successful epoxidation process [37]. In the aliphatic region, signals in 

14 the range of 0.8–2.5 ppm correspond to the methylene (-CH2-) and methyl (-CH3) groups of the 

15 fatty acid chains [44]. These peaks are present in both spectra, indicating that the hydrocarbon 

16 backbone remains intact during the epoxidation process. While their intensities remain largely 

17 unchanged, the slight differences in peak shape suggest minor structural rearrangements in the 

18 chains caused by the introduction of epoxide groups. The glycerol backbone protons (-CH2-O-) 

19 are observed in the region of 4.1–4.3 ppm in the CO spectrum [45]. In the ECO spectrum, these 

20 peaks appear shifted and slightly less intense, likely due to changes in the electronic environment 

21 caused by the epoxidation. Additionally, a broad peak emerges around 3.3–3.5 ppm in the ECO 

22 spectrum, corresponding to hydroxyl protons formed due to partial ring-opening reactions of the 
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1 epoxide groups. These hydroxyl groups enhance hydrogen bonding with the carbonyl groups of 

2 PLA, improving the miscibility and interfacial interactions in ECO-PLA blends.

3 Furthermore, the absence of peaks in the 5.3–5.5 ppm region of the ECO spectrum indicates that 

4 the olefinic double bonds were largely consumed during epoxidation, consistent with the 92.6% 

5 conversion calculated from 1H NMR integration. Based on this conversion, approximately 5.1 

6 mmol of epoxide groups per gram of sample were obtained.[46] Similarly, in another study, the 

7 epoxidation percentage was determined to be 94.5%, based on the vinyl signals observed between 

8 5.3 and 5.5 ppm in the 1H NMR spectrum [47]. The significant reduction of these peaks in the 

9 ECO spectrum indicates that most of the double bonds have been successfully converted to 

10 epoxide groups. The absence of residual olefinic protons and the presence of strong oxirane proton 

11 peaks indicate a high degree of epoxidation, crucial for the enhanced plasticizing efficiency of 

12 ECO. The density of oxirane groups facilitates intermolecular interactions with PLA, including 

13 hydrogen bonding and esterification reactions, which improve the ductility and toughness of PLA, 

14 as previously discussed by Chieng et al. [41] and Thuy et al. [48].

15

16

17 Figure 2: 1H NMR spectra of (a) CO, and (b) ECO.

18 The FTIR and NMR results not only confirm the formation of oxirane rings in the epoxidized 

19 camelina oil but also provide evidence for chemical interactions between the epoxidized oil and 

20 PLA chains. The downward shift of the PLA carbonyl absorption band and the appearance of a 

21 broad hydroxyl region indicate the presence of hydrogen bonding between the hydroxyl groups 

22 formed during partial ring opening of the epoxy groups and the carbonyl oxygen atoms of PLA. 
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1 Hydrogen bonding increases temporary physical cross links that restrict local chain packing but 

2 simultaneously increase segmental mobility by weakening the strong intermolecular interactions 

3 that normally lead to brittle fracture in neat PLA. Several studies report that hydrogen bonded 

4 plasticizers reduce the glass transition temperature of PLA by increasing the free volume and 

5 promoting cooperative chain motion, which directly enhances ductility and impact resistance. In 

6 addition to hydrogen bonding, the residual epoxy groups in ECO may undergo limited ester 

7 exchange reactions with the terminal hydroxyl groups of PLA during melt blending. Such reactions 

8 create weakly bonded junction points that improve compatibility and reduce phase separation. 

9 These chemical interactions collectively explain the significant increase in elongation at break and 

10 the transition from brittle to ductile fracture behavior observed in the SEM images. Prior literature 

11 on epoxidized plant oils in PLA systems also shows that strong secondary interactions and partial 

12 ester linkages increase chain mobility and substantially improve toughness, which is consistent 

13 with the mechanical performance trends observed in this study.

14 4.3. Thermal Analysis

15 As shown in Figure 3 and Table 1, the DSC thermograms include both the cooling scan and the 

16 second heating scan to illustrate the influence of ECO on the thermal behavior of PLA. The 

17 analysis indicated a progressive reduction in the Tg of PLA as the ECO content was increased from 

18 5% to 15%. Neat PLA typically has a Tg around 60°C, a temperature at which the polymer 

19 transitions to a more flexible, rubbery state from a rigid, glassy state. The 5% ECO-PLA blend 

20 showed a Tg decrease to approximately 55.46°C, while the 10% and 15% ECO-PLA blends 

21 reduced Tg further to around 53.86°C and 53.62°C, respectively. Similarly, cold crystallization 

22 temperature of pure PLA was reduced from 95.4°C to 91.2°C on incorporation of 5% ECO, while 

23 no significant differences were observed in 10% and 15% ECO-PLA. This downward shift in Tg 

24 and cold crystallization temperature is indicative of the plasticizing effect of ECO, which enhances 

25 the polymer chain mobility [41,49]. Increased chain mobility implies that the polymer can absorb 

26 more stress without fracturing, thereby reducing brittleness and enabling improved flexibility [42]. 

27 The melting temperature (Tm) showed a slight reduction from neat PLA’s typical melting point, 

28 suggesting that the crystalline regions within PLA were somewhat disrupted by the inclusion of 

29 ECO [50]. 
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1

2 Figure 3: DSC thermograms of neat PLA and its blends containing 5%, 10%, and 15% ECO.

3 The TGA curve (Figure 4) provides valuable insights into the thermal stability and decomposition 

4 behavior of neat PLA and ECO-PLA blends with varying ECO content (5%, 10%, and 15%). In 

5 the TGA plot, the neat PLA sample (black line) begins to decompose at a higher onset temperature, 

6 underscoring its improved thermal stability in contrast to the ECO-PLA blends. As the ECO 

7 content increases, the onset of decomposition shifts slightly to lower temperatures, particularly for 

8 the 10% and 15% ECO-PLA blends, as can be seen in Table 1. This shift indicates that the addition 

9 of ECO reduces the thermal stability of PLA, likely due to the lower decomposition temperature 

10 of ECO and the plasticizing effect. The plasticizer weakens intermolecular forces within the PLA 

11 matrix, increases chain mobility, and introduces more thermally labile components, contributing 

12 to earlier thermal degradation [51].

13 All samples exhibit a sharp weight loss around 300°C–350°C, corresponding to the primary 

14 decomposition phase of PLA, where rapid depolymerization occurs. This phase results in 

15 significant weight loss, primarily due to the breakdown of the polymer backbone into volatile 

16 products. While the degradation behavior is consistent across all blends, the weight loss in this 

17 region is slightly more pronounced for the 15% ECO-PLA blend, as indicated by its notably lower 

18 T5% value compared to neat PLA (Table 1). This trend suggests that the increase in content of ECO 
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1 accelerates thermal decomposition, a behavior commonly observed in plasticized polymer 

2 systems. Plasticizers, having lower thermal stability and increasing the free volume within the 

3 polymer matrix, facilitate earlier chain scission and enhance the rate of decomposition [52,53]. At 

4 higher temperatures, the TGA curves level off, indicating the completion of the decomposition 

5 process. Minimal residual weight remains for both neat PLA and ECO-PLA blends, signifying 

6 almost complete thermal breakdown. This behavior confirms that while the incorporation of ECO 

7 slightly decreases the thermal stability of PLA, the blends still exhibit thermal stability adequate 

8 for most processing and application conditions.

9

10 Figure 4: TGA curves for neat PLA and PLA-ECO blends (5% ECO-PLA, 10% ECO-PLA, and 
11 15% ECO-PLA)

12

13 Table 1: Glass transition temperature (Tg), onset temperature (Tonset), degradation temperature 
14 (Tdegradation), and temperature at 5% weight loss (T5%) for PLA and ECO-based blends

Sample Tg Tonset Tdegradation T5%

PLA 59.41 341.83 366.22 322.80
5%ECO-PLA 55.46 338.72 364.81 321.19
10%ECO-PLA 53.86 337.22 364.96 322.67
15%ECO-PLA 53.62 332.21 362.54 312.59

15

16 4.4. Dynamic Mechanical Properties 

17 Dynamic Mechanical Analysis (DMA) was used to evaluate the viscoelastic behavior of ECO-

18 PLA blends across a temperature range, focusing on how ECO influences the storage modulus 

19 (E'), loss modulus (E''), and tan δ. These parameters help to understand the elastic and viscous 
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1 responses of the material, as well as its energy dissipation characteristics, providing insights into 

2 the flexibility and damping capacity of the blends. Figure 5 (a) shows the elastic behavior of the 

3 material as it deforms under an oscillating force. The storage modulus is high in the glassy region, 

4 indicating that the material is rigid. As the temperature increases, E' decreases, showing the 

5 material’s transition from a glassy to a rubbery state. Beyond this region, the storage modulus 

6 began to rise again due to cold crystallization of PLA within the blends. The onset of cold 

7 crystallization shifted to a lower temperature with increasing ECO content, suggesting that ECO 

8 acted as a plasticizing component that enhanced chain mobility and promoted earlier crystallite 

9 formation [54,55]. Figure 5 (b) reflects the viscous behavior of the material, representing the 

10 amount of energy lost as heat during deformation. A peak in the loss modulus usually corresponds 

11 to the Tg, where the material’s damping properties are highest. The addition of ECO has affected 

12 the height and position of this peak, indicating changes in the Tg and the damping characteristics 

13 of the blend. A peak in the tan δ curve (Figure 5 (c)) is another indicator of the Tg. Materials with 

14 a higher tan δ at room temperature can be better at absorbing and dissipating energy, such as in 

15 impact-resistant applications. The incorporation of ECO into PLA has led to a higher tan δ, 

16 suggesting improved energy dissipation capabilities.
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1

2 Figure 5: DMA curves of PLA and its blends containing 5%, 10%, and 15% ECO (a) Storage 
3 modulus, (b) Loss modulus (c) tan δ.

4
5 4.5. Mechanical Properties

6 Figure 6 (a) presents the stress-strain behavior of neat PLA and PLA-ECO blends with 5%, 10%, 

7 and 15% ECO. The stress-strain behavior demonstrates how the material deforms under tensile 

8 force, with the slope of the initial linear section indicating stiffness and the area under the curve 

9 representing toughness. For pure PLA (0% ECO), the steep initial slope reflects high stiffness and 

10 rigidity, but the curve terminates abruptly at maximum stress, indicating brittle failure with 

11 minimal deformation. In contrast, as ECO content increases, the curves become less steep and 

12 extend further along the strain axis, reflecting reduced stiffness and enhanced ductility. This 

13 behavior aligns with lubricity theory, which explains that ECO acts as a lubricant, reducing internal 
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1 friction and allowing polymer chains to slide past one another more freely. As a result, blends with 

2 higher ECO content exhibit greater chain mobility, enabling them to stretch significantly further 

3 before failure [56]. The increase in elongation at break, as observed in Figure 6 (b), further supports 

4 the gel theory, which states that plasticizers like ECO disrupt and replace strong polymer-polymer 

5 interactions (such as hydrogen bonds and van der Waals forces) with weaker plasticizer-polymer 

6 interactions [41]. This disruption reduces the gel-like structure of the polymer matrix, increasing 

7 flexibility and extensibility. This mechanism has been widely reported in the literature [41,57,58], 

8 where the addition of epoxidized oils to PLA has been shown to increase elongation at break 

9 significantly, transitioning PLA from a brittle to a more ductile one.

10 The tensile and flexural moduli, as shown in Figure 6 (c), decrease with increasing ECO content, 

11 reflecting a reduction in stiffness. This behavior is explained by the gel theory, as the plasticizer 

12 disrupts the dense packing of polymer chains, increasing free volume and chain mobility. This 

13 reduction in intermolecular interactions weakens the polymer network, making the material less 

14 resistant to deformation under tensile and bending loads. 

15 As shown in Figure 6 (b), tensile strength, which represents the maximum stress a material can 

16 endure before failure, decreases with higher ECO content. This is due to the reduction in 

17 intermolecular forces within the polymer matrix, which lowers its load-bearing capacity. However, 

18 elongation at break increases dramatically, indicating that the material can deform to a much 

19 greater extent before failure. This trade-off between elongation at break and tensile strength is a 

20 well-documented characteristic of plasticized polymers. Al-Mulla et al. [20] found that adding 

21 epoxidized palm oil to a PLA/polycaprolactone (PCL) blend decreased tensile strength while 

22 markedly increasing elongation at break, indicating improved flexibility.

23 Figure 6 (d) presents the notched impact strength of PLA-ECO blends, which quantifies the 

24 material’s ability to absorb and dissipate energy during sudden impact loading. Pure PLA exhibits 

25 relatively low impact strength due to its brittle nature. However, as ECO content increases, impact 

26 strength improves significantly. This improvement can be attributed to ECO's toughening effect, 

27 which enhances energy dissipation by increasing chain mobility and reducing stress concentrations 

28 at the point of impact. The enhanced impact resistance is consistent with lubricity theory, as the 

29 plasticizer reduces friction between polymer chains, allowing for better energy redistribution 

30 during deformation. Several studies have demonstrated this effect. Orue et al. [59] confirmed that 
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1 epoxidized linseed and soybean oils increased the impact strength of PLA composites, supporting 

2 the toughening mechanism through improved polymer chain mobility. Their findings further prove 

3 that the addition of ECO enhances ductility and stress dissipation. Additionally, Tee et al.  [60] 

4 demonstrated that epoxidized palm oil and soybean oil improved PLA’s toughness, effectively 

5 reducing stress concentrations and promoting better energy dissipation. 

6 While the overall trends show that ECO enhances ductility and impact resistance, the mechanical 

7 response of the 15% ECO blend suggests the onset of over plasticization. The substantial drop in 

8 tensile strength and modulus, combined with the extremely large elongation at break, indicates 

9 that the PLA matrix may approach saturation at this concentration. When saturation occurs, the 

10 polymer loses cohesive strength and deformation becomes dominated by viscous flow rather than 

11 controlled plastic deformation.

12 SEM analysis supports this interpretation. The fracture surface of the 15 % blend shows large 

13 deformation zones, extensive fibrillation, and broad voids, all of which reveal very high chain 

14 mobility and reduced structural integrity. In contrast, the 10% blend shows a more uniform ductile 

15 morphology with finer energy absorbing structures, indicating a more balanced plasticization 

16 effect. The DMA results provide further confirmation. The storage modulus of the 15 % ECO 

17 blend decreases more sharply across the temperature range compared to the 5 and 10 % blends, 

18 and the glass transition temperature shifts to lower values. These observations indicate a highly 

19 softened matrix and reduced intermolecular cohesion, characteristic of over plasticized systems.

20 This behavior is consistent with findings from related studies on epoxidized plant oils in PLA 

21 systems. Prior work has shown that at high plasticizer concentrations, micro scale heterogeneity 

22 and partial phase separation may occur, leading to weaker load bearing capability even though 

23 ductility improves [61–63]. These comparisons suggest that the 10% ECO blend offers the best 

24 balance of strength, toughness, and flexibility, while the 15% blend approaches the upper 

25 compatibility limit for ECO in PLA.
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1

2 Figure 6: (a) Stress-strain curves, (b, c) tensile properties, and (d) Izod notched impact strength 
3 of PLA and its blends containing 5%, 10%, and 15% ECO.

4 4.6. Morphological analysis

5 The SEM micrographs of tensile fractured surfaces for neat PLA, 5%ECO-PLA, 10%ECO-PLA, 

6 and 15%ECO-PLA as shown in Figure 7 demonstrate the progressive impact of ECO on the 

7 fracture morphology of PLA. Neat PLA exhibits a smooth and relatively featureless fracture 

8 surface, characteristic of brittle failure. This is indicative of a rigid material with strong 

9 intermolecular interactions and limited energy dissipation, consistent with its high tensile modulus 

10 and low elongation at break [64]. In contrast, the addition of 5% ECO introduces a rougher fracture 

11 surface with small voids and localized plastic deformation. These features suggest the onset of 

12 ductility as ECO begins to disrupt the rigid PLA matrix, reducing friction between polymer chains 

13 and enabling limited chain mobility. At 10% ECO, the fracture surface shows significant 

14 roughness with pronounced voids and fibrillar structures, indicative of increased cavitation and 

Page 20 of 35Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
6:

19
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00115G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00115g


20

1 polymer chain stretching during deformation. This reflects a transition to ductile failure, supported 

2 by the substantial increase in elongation at break observed in the mechanical tests. The addition of 

3 15% ECO further accentuates this trend, with extensive fibrillation and a highly rough fracture 

4 surface, characteristic of highly ductile behavior. The presence of large voids and stretched fibrils 

5 highlights enhanced chain mobility and energy dissipation, although excessive plasticization at 

6 this level may reduce tensile strength due to a less cohesive polymer matrix. These observations 

7 align with the lubricity and gel theories, which describe how ECO disrupts polymer-polymer 

8 interactions, facilitates chain mobility, and transitions the material from brittle to ductile behavior 

9 [41,56].

10

PLA 5%ECO-PLA
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1

2 Figure 7: SEM micrographs for tensile fractured surfaces of neat PLA, 5%ECO-PLA, 10%ECO-
3 PLA, and 15%ECO-PLA.

4

5 The SEM micrographs of the impact-fractured surfaces, displayed in Figure 8, highlight the 

6 gradual influence of ECO on the fracture behavior and mechanisms of PLA. The fracture surface 

7 of neat PLA is smooth, with sharp-edged cracks indicative of brittle failure, where rapid crack 

8 propagation occurs with minimal energy absorption. This morphology reflects the inherent rigidity 

9 and brittleness of PLA, consistent with its low impact strength [65]. With the incorporation of 5% 

10 ECO, the fracture surface becomes rougher, with small deformation zones and less pronounced 

11 crack propagation, suggesting the onset of ductile behavior. ECO acts as a plasticizer, disrupting 

12 the rigid PLA structure and enabling localized chain mobility, resulting in improved energy 

13 absorption during impact. At 10% ECO content, the fracture surface exhibits significant roughness, 

14 with visible voids, micro-tears, and substantial plastic deformation. These features indicate a clear 

15 transition to ductile fracture, where the material effectively dissipates stress and delays crack 

16 propagation. The enhanced toughness at this ECO level aligns with the lubricity theory, which 

17 posits that ECO reduces friction between polymer chains, and the gel theory, which explains that 

18 ECO disrupts strong polymer-polymer interactions, increasing flexibility [53].

19 At 15% ECO, the fracture surface becomes highly rough and dominated by extensive deformation 

20 zones, voids, and fibrillation, indicating maximum energy dissipation and ductile behavior. The 

21 increased roughness and deformation zones compared to lower ECO content suggest that the 

10%ECO-PLA 15%ECO-PLA
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1 material absorbs significant impact energy before failure, although the excessive matrix disruption 

2 at this high ECO content may lead to reduced tensile strength. This behavior is consistent with 

3 findings in the literature, where increasing plasticizer content enhances ductility and toughness but 

4 may compromise the cohesive strength of the polymer matrix [66,67].

5

6

7 Figure 8: SEM micrographs for impact fractured surfaces of neat PLA, 5% ECO-PLA, 10% 
8 ECO-PLA, and 15% ECO-PLA.

9

10

10%ECO-PLA 15%ECO-PLA

5%ECO-PLAPLA
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1 5. Conclusion

2 Camelina oil with high unsaturated contents (90%) was epoxidized by reacting it with hydrogen 

3 peroxide and formic acid, using Amberlite ion exchange resin-H+ as a catalyst to facilitate the 

4 reaction. NMR spectroscopy validated the epoxidation process by showing the absence of olefinic 

5 proton peaks at 5.3–5.5 ppm and the emergence of oxirane proton peaks in the range of 2.8–3.2 

6 ppm, confirming a high degree of functionalization. FTIR spectroscopy further validated the 

7 chemical modification, with the disappearance of -C=C-H stretching vibrations and the emergence 

8 of characteristic oxirane peaks around 825 cm⁻¹. FTIR also revealed shifts in the carbonyl 

9 stretching region of PLA, confirming hydrogen bonding and improved compatibility between ECO 

10 and PLA. The ECO was blended with PLA at various ratios (5%, 10%, and 15%) and evaluated 

11 for its mechanical, thermal, and morphological properties. The inclusion of ECO significantly 

12 enhanced the elongation at break (up to 1680%) and impact strength (up to 25%) of PLA, 

13 transitioning it from brittle to ductile behavior. SEM analysis revealed progressive changes in 

14 fracture morphology, demonstrating enhanced flexibility and toughness. Thermal analysis 

15 indicated a reduction in the Tg, validating the plasticizing effect of ECO and its role in increasing 

16 polymer chain mobility.

17 The combined insights from NMR and FTIR highlight the successful chemical transformation and 

18 compatibility of ECO with PLA, attributed to the oxirane and hydroxyl groups facilitating strong 

19 intermolecular interactions. These findings underscore the potential of ECO as a renewable and 

20 effective alternative to petroleum-based plasticizers, enhancing the performance of PLA for 

21 applications in packaging, biomedical materials, and other sectors requiring flexibility and 

22 toughness.
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