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Abstract 

The single-use plastic coffee cup made from poly(lactic acid) (PLA) was modified for sustainable recycling to widen 

its applications by melt blending with multi-branched polyethyleneimine. Different concentrations (0.25 to 1 wt.%) and 

molecular weights (Mw of 2,000 and 25,000 g/mol) of the multi-branched polyethyleneimine (MPEI) were utilized as a 

mechanical modifier for the recycled poly(lactic acid) (rPLA). As a result, an attenuated total reflectance accessory 

equipped with Fourier transform infrared spectroscopy (ATR-FTIR) and carbon nuclear magnetic resonance spectroscopy 

(13C-NMR) indicated the formation of the amide linkage between the carboxylic acid group of rPLA and the amine group 

of MPEI under the given melt mixing condition. Incorporating 0.75 wt.% of MPEI, with a molecular weight of 25,000 

g/mol, significantly enhances the properties of recycled PLA, increasing tensile strength by about 9 MPa and impact 

resistance by around 3.6 kJ/m² compared to the unmodified rPLA. The phase morphological property of rPLA/MPEI 

blend system exhibited a typical miscible blend and ductile microstructure aspect, characterized by uniform homogeneity 

and visible microfibrils on the impact-fractured surface. A slight decrease in the glass transition temperature (Tg) further 

indicated enhanced interfacial interactions, contributing to improved mechanical performance. Furthermore, the 

incorporation of MPEI notably increases the thermal decomposition temperature of the blends, demonstrating its 

effectiveness in enhancing the mechanical and thermal properties of recycled PLA. This advancement paves a promising 

strategy for expanding the material’s applicability while fostering sustainable recycling into high-value products. 

 

Keywords: Recycled poly(lactic acid), Biodegradable plastic, Sustainability, Recycling, Multi-branched 
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Introduction 

Over the past few decades, increasing 

environmental concern and a shift toward conscious 

living to reduce ecological footprint have highlighted 

the global boiling crisis driven by the ecological 

consequences of pollution caused by human activities. 

The United Nations (UN) has driven the implementation 

of strict environmental regulations worldwide to achieve 

carbon neutrality by reducing greenhouse gas (GHG) 

emissions through renewable energy use and offsetting 

unavoidable emissions, aligning to support sustainable 

development goals (SDGs) across all aspects of the 

stakeholders and events, mitigate environmental impact, 

and encourage public participation in climate action [1-

3]. These days, global plastic production is forecasted 

on track to triple by 2050 and the ongoing environmental 

challenge involves a significant amount of non-

degradable petroleum-based plastic waste, which causes 

a detrimental impact on ecological balance and poses 

public health hazards to organisms [4,5]. Recycling has 

been suggested as a potential solution to address this 

issue. However, practical challenges emerge when 

managing small, lightweight, and contaminated plastic 

waste, particularly from single-use products in 

industries like personal protective equipment and food 

delivery. These difficulties frequently cause such waste 

to evade proper disposal systems, resulting in 
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increasingly severe environmental impacts over time 

[6]. 
Several alternative strategies have been utilized to 

encourage sustainable practices. The development of 

biodegradable plastics is one of the substantial 

approaches for addressing sustainable practices to 

reduce environmental pollution and curb carbon 

emissions. A wide range of biodegradable plastics has 

been extensively developed and commercialized, 

including partially biobased poly(butylene succinate) 

(PBS), fully biobased poly(lactic acid) (PLA), and fully 

synthetic biodegradable polymers such as poly(butylene 

adipate-co-terephthalate) (PBAT) and poly(ε-

caprolactone) (PCL). Furthermore, starch-based plastics 

and polyhydroxyalkanoates (PHAs) are increasingly 

utilized across various industries [7,8]. PLA, a linear 

aliphatic polyester made from biomass resources, such 

as rice, wheat, and corn, currently accounts for the 

highest proportion of the global market chain with 

notable aspects, such as high mechanical strength, good 

processability, biodegradability, and biocompatibility. 

The technological advancements have improved the 

properties and performance of PLA, making it more 

competitive with traditional plastics in terms of 

versatility, durability, and cost-effectiveness. The 

developing innovations in polymer chemistry and 

processing techniques have contributed to the desired 

PLA blend and composite system with enhanced 

mechanical strength, impact strength, thermal 

resistance, and processing characteristics, broadening its 

applicability in various industries [ 9 ,1 0 ] . Therefore, 

several additives have been proposed for blending with 

PLA, including wood powder [11], natural fiber [12], 

biochar [13], phenolic compound [14], 

polyethyleneimine [15], natural rubber [16], calcium 

carbonate [17] and nanoparticles [18]. Nevertheless, the 

primary feedstocks for synthesizing PLA are derived 

from sugar-rich food sources, raising concerns about 

potential threats to food security with large-scale 

production. Moreover, PLA exhibits a slow degradation 

rate, leading to substantial waste accumulation and 

contributing to environmental pollution. Recycling PLA 

waste, particularly from single-use products, remains 

challenging and can present a more environmentally 

sustainable alternative to direct degradation, given its 

role as a valuable carbon source or carbon sequestration 

[19-21].  

Generally, the MPEI is a typical polyamine 

polymeric material with a high density of amine branch 

groups, which has been exploited in various fields, such 

as biomedicine and biotechnology [22], carbon capture 

and sequestration technology [23] and antibacterial 

capacity [24]. The application of MPEI as a mechanical 

modifier in brittle polymers such as PLA remains both 

limited and challenging, but its potential benefits are 

significant and worth exploring. Consequently, our 

current research aims to improve the properties of the 

recycled PLA from single-use coffee cups using multi-

branched polyethyleneimine (MPEI) as a mechanical 

modifier through a melt blending process. As the 

previous research, Reungdech and Tachaboonyakiat 

[15] described the creation of an amide bond formed by 

the reaction between the acid anhydride group of 

poly(lactic acid) grafted with maleic anhydride (PLA-

MA) and the amino groups of MPEI during a ring-

opening process under reactive extrusion conditions. 

Although the prepared material demonstrated 

antimicrobial properties, its mechanical and thermal 

properties were not discussed. Subsequently, Niyomsin 

et al. [25] synthesized the multi-branched PLA 

ionomers as an additive for blending with PLA through 

3 steps; synthesis of MPEI reacted with PLA (MPEI-

PLA), modification of hydroxyl end groups into 

carboxylic acid end groups (mPEI-PLA-COOH), and 

neutralization into ionic groups (mPEI-PLA-COONa). 

The result showed improving stretchability and gas 

permeability by maintaining the crystallinity of the 

prepared films, indicating the synergistic effect as 

plasticizer and nucleating agent of the synthesized 

additive. Therefore, the amine-rich group of MPEI can 

form the physical and chemical interaction with the PLA 

matrix under the given melt mixing condition. The 

improved interfacial interaction between PLA and 

MPEI is expected to change the mechanical and thermal 

performance of the recycled PLA. The influence of 

MPEI in aspects of different molecular weights (2,000 

and 25,000 g/mol) and contents (0.25, 0.5, 0.75 and 1 

wt.%) of the recycled PLA/MPEI blends on the 

chemical structure, mechanical, morphological, and 

thermal properties was investigated for understanding 

and optimizing the performance of this sustainable 

blend. This research advancement paves a promising 

benefit for utilizing the single-use plastic waste from 

coffee cups to widen the material’s applicability while 

fostering sustainable recycling into high-value products. 
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Materials and methods 

Materials 

Multi-branched polyethyleneimine (MPEI) with 

different molecular weights (Mw ~2,000 and Mw ~ 

25,000 g/mol) was procured from Sigma Aldrich 

(Missouri, USA). Recycled poly(lactic acid) (rPLA) 

coffee cups were collected from the local coffee shops 

in the university. Additionally, ethanol was purchased 

from Sigma Aldrich (Missouri, USA). 

 

Preparation of dried specimens of the recycled 

poly(lactic acid) 

The recycled poly(lactic acid) (rPLA) from the 

coffee cup was thoroughly cleaned with tap water 

several times to remove impurities. Afterward, the 

coffee cup was cut into small pieces and soaked in 

ethanol for 2 h to remove the grease stains from the 

surface of the plastic pieces before being dried in a hot 

oven at 60 C for 2 days.  

 

Preparation of recycled poly(lactic acid)/multi-

branched polyethyleneimine (rPLA/MPEI) blends 

The small pieces of the rPLA were dried in a 

vacuum oven at 60 C for 24 h to eliminate the humidity 

before the blending process. The dried rPLA pieces 

were blended with multi-branched polyethyleneimine 

(MPEI) using an internal mixer (HaakeTM Rheomix 90, 

Thermo Fisher Scientific, Waltham, MA, USA) at 170 

C for 10 min with a rotor speed of 60 rpm according to 

previous work [26]. Figure 1 demonstrates the 

schematic preparation of rPLA/MPEI blends through 

the melt blending procedure. Two types of MPEI with 

different molecular weights including Mw ~2,000 and 

Mw ~ 25,000 g/mol were defined as MPEI-2000 and 

MPET-25000, respectively, and utilized as a mechanical 

modifier for the rPLA. The compositions of the 

rPLA/MPEI blends are displayed in Table 1. 

 

Characterization of rPLA/MPEI blends 

Fourier transform infrared (FTIR) spectroscopy 

An FTIR spectrometer equipped with an 

attenuated total reflectance (ATR) accessory (ATR-

FTIR) (Paragon 1000, PerkinElmer, Waltham, MA, 

USA) was employed to record the ATR-FTIR spectra of 

the rPLA and its blends. The measurement was 

performed with 64 scans and a 4-cm–1 resolution 

scanning from 4,000 to 400 cm–1

 

 

 

Figure 1 Schematic preparation of rPLA/MPEI blend sheet: (a) preparation of rPLA pieces and (b) melt blending and 

shaping process. 
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Carbon nuclear magnetic resonance (13C-

NMR) spectroscopy 

The carbon nuclear magnetic resonance (13C-

NMR) spectra were received by manipulating a nuclear 

magnetic resonance spectrometer with a 500-MHz 

frequency (Bruker Corporation, Karlsruhe, Germany). 

Approximately 10 mg of samples were dissolved in 

deuterated chloroform (CDCl3) as a solvent and 

tetramethylsilane (TMS) as an internal standard.  

 

Tensile properties 

The uniaxial tensile behavior of the rPLA and its 

blends was evaluated according to ASTM D882 using a 

universal tensile testing machine (Instron 5566, Instron, 

High Wycombe, UK). Twelve specimens of each 

sample were carried out using a constant 10-mm/min 

crosshead speed and a 1-kN static load cell capacity at 

room temperature (25 ± 2 C). Tensile properties, 

including Young’s modulus, tensile strength, and 

elongation at break, were obtained in this measurement.

 

Table 1 Formulation of PLA/MPEI blends. 

Sample PLA (wt.%) 
MPEI (wt.%) 

MPEI-2000 MPEI-25000 

rPLA 100 0 0 

rPLA/0.25MPEI-2000 99.75 0.25 - 

rPLA/0.5MPEI-2000 99.50 0.5 - 

rPLA/0.75MPEI-2000 99.25 0.75 - 

rPLA/1MPEI-2000 99 1 - 

rPLA/0.25MPEI-25000 99.75 - 0.25 

rPLA/0.5MPEI-25000 99.50 - 0.5 

rPLA/0.75MPEI-25000 99.25 - 0.75 

rPLA/1MPEI-25000 99 - 1 

 

Impact properties 

The fracture resistance of the sample was 

conducted according to ASTM D256 using an impact 

tester machine (5102 Pendulum, Zwick, Ulm, 

Germany). Six specimens of each sample were 

proceeded with the notched Izod mode under room 

temperature (25 ± 2 C) and reported in the unit of kJ/m2
. 

 

Scanning electron microscopy (SEM) 

The phase morphology of the rPLA and its blends 

was measured from the impact-fractured surface using 

scanning electron microscopy (SEM) (Hitachi SU 8000, 

Hitachi, Ibaraki, Japan). the samples were sputter-

coated with platinum/palladium (Pt/Pd, 80/20) before 

the SEM observation to prevent the accumulation of 

electrostatic charge. 

 

Differential scanning calorimetry 

The thermal transition temperature of all samples 

was investigated using a differential scanning 

calorimeter (DSC) (Q200-RCS90, TA Instrument, New 

Castle, Delaware, USA). Approximately 10 mg of each 

sample was weighed and put in the typical Tzero 

aluminum pan before heating from 30 to 200 C with a 

heat-cool-heat cycle analysis at a constant heating rate 

of 20 C/min under a nitrogen atmosphere. The glass 

transition temperature (Tg), cold crystallization 

temperature (Tcc) and melting temperature (Tm) were 

demonstrated, and the degree of crystallinity (Xc) was 

calculated using Eq. (1). 

 

Degree of crystallinity (Xc) = ((ΔHm – ΔHcc) / (wPLA×ΔH°m))×100     (1) 

 

where ΔHcc and ΔHm are the enthalpy of cold 

crystallization and melting of the blends, respectively. 

ΔHm is the enthalpy of PLA at 100 % crystallinity (93.7 

J/g) [27]. wPLA is the weight fraction of PLA in the blend 

system. 

 

Thermogravimetric analysis 

The decomposition temperature of the rPLA and 

its blends was assessed by a thermogravimetric analyzer 
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(TGA) (Mettler Q500, TA Instrument, New Castle, DE, 

USA). The measurement was conducted with 

temperature profiles ranging from 40 to 600 C at a 

constant heating rate of 20 C/min under a nitrogen 

atmosphere. The 5 % weight-loss temperature (T5%) and 

the maximum weight-loss rate temperature (TDTG) were 

evaluated. 

 

Results and discussion 

Chemical structure of rPLA/MPEI blend 

The intricate chemical structure of rPLA and its 

blend was conducted by ATR-FTIR and 13C-NMR 

techniques. Figure 2 shows the ATR-FTIR spectra of 

rPLA and rPLA/0.25MPEI-2000 blend. The ATR-FTIR 

spectrum of rPLA displayed the unique characteristic 

absorption peaks at 868 cm–1 (C-C stretching), 1,090 - 

1,200 cm–1 (C-O stretching), 1,360 - 1,384 cm–1 (C-H 

bending), 1,451 cm–1 (CH3 bending), 1,746 cm–1 (C=O 

stretching), 2,880 cm–1 (C-H stretching) and 2,945 - 

2,995 cm–1 (CH3 stretching) [28-30]. After blending 

MPEI as a mechanical modifier through the melt-

blending process, the spectrum of rPLA/0.25MPEI-

2000 blend revealed new vibrational peaks at 2,851 and 

2,921 cm–1, associating with the CH2 stretching of MPEI 

in the blend system. Furthermore, 3 new small peaks 

(Orange box) were also observed at 1,539 and 1,596 cm–

1 (C-N stretching and N-H bending, amide II) and 1,656 

cm–1 (C=O stretching of amide functional group, amide 

I) [31,32]. As a result, it could attribute to the formation 

of amide linkage through the chemical reaction between 

the carboxylic acid terminal groups of rPLA and amine 

group of MPEI under the given condition with high 

temperature of melt blending process.

 

 
 

 

Figure 2 ATR-FTIR spectra of rPLA and rPLA/0.25MPEI2000 blend at various ranges of wavenumber: (a) 4,000 - 400 

cm–1, (b) 1,700 - 1,500 cm–1 and (c) 3,100 - 2,800 cm–1. 

 

The chemical structure and the formation of amide 

linkage can be asserted by 13C-NMR analysis as 

demonstrated in Figure 3. The spectrum of rPLA 

exhibited the main chemical shifts at 16.9 (a), 69.1 (b) 

and 170.1 (c) ppm, corresponding to the signals of the 

carbon of methyl group (-CH3), the α-carbon or methine 

carbon (-CH-), and the carbonyl (-C=O), respectively 

[15,33]. The addition of MPEI into rPLA under the melt 

blending process demonstrated the new chemical shifts 

at 29.6 ppm (d) and 171.3 ppm (e), attributing to the 

methylene group (-CH2-) of MPEI and the carbonyl 

group of the amide (-HN-C=O), respectively [15]. To 

sum up, these results confirmed the formation of amide 

linkage between rPLA and MPEI under the high 

temperature of the melt blending process. Furthermore, 

the formation of amide linkage may randomly occur 
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through the carboxylic acid group of rPLA and the 

amine functional group of the polymeric main chain or 

the branches of polyethyleneimine.
 

 

 

 

 

 

 

Figure 3 13C-NMR spectra of rPLA and rPLA/0.25MPEI2000 blend. 

 

Mechanical properties 

The uniaxial tensile properties of rPLA and its 

blends were assessed according to ASTM D882, as 

shown in Figure 4. Young’s modulus, also known as the 

elastic modulus, is calculated from the slope of the 

initial linear section of the stress-strain curve, where the 

material exhibits elastic behavior. Ultimate tensile 

strength refers to the highest stress a material can endure 

under tension before fracturing. Elongation at break 

represents the strain at which the material fails, 

indicating its ductility and showing how much the 

material can stretch or elongate before breaking, 

expressed as a percentage of its original length [34]. As 

a result, the stress-strain curve of rPLA showed the 

typical brittle and rigid fashion with high strength (~59 

MPa) and Young modulus (~2.4 GPa) with low 

extensibility (3.7 %) [16,26]. The addition of MPEI as a 

mechanical modifier could enhance the mechanical 

strength and elongation ability of the prepared materials. 

The relevant values of the tensile properties, including 

Young’s modulus, tensile strength, and elongation at 

break, can be listed and illustrated in Figure 5. The 

values of Young’s modulus of the rPLA/MPEI blends 

fluctuated between approximately 2.3 and 2.5 GPa by 

adding MPEI contents 0.25 - 1 wt.% for both types 

(MPEI-2000 and MPEI-25000). Regarding tensile 

strength, rPLA/MPEI blends showed an improvement in 

mechanical strength compared to the neat rPLA. The 

tensile strength value increased from ~59 MPa (rPLA) 

to about 61 - 62 MPa by adding 0.25 wt.% MPEI 

content, and continuously escalated to the maximum 

value at around 65 - 68 MPa by adding 0.75 wt.% MPEI 

content, enhancing by around 6 - 9 MPa compared to the 

rPLA without adding MPEI. The addition of MPEI 

content up to 1 wt.% found a slight decline in 

mechanical strength to approximately 58 - 64 MPa; 

however, it is still higher than that of the neat rPLA. 

Compared to the previous research, the result is not 

consistent with Niyomsin et al. [25] that reported a 

decrement of tensile strength of the prepared material by 



Trends Sci. 2025; 22(5): 9459   7 of 16 

adding the synthesized multi-branched PLA ionomers as 

an additive for blending with PLA. Also, Khamsarn et 

al. [15] revealed a decrement in tensile strength by 

adding the modified PLA with MPEI. This result may 

be attributed in the aspect of the mixing condition that 

could significantly affect on properties of the prepared 

blends. In the case of the extensibility of the blends, the 

presence of MPEI revealed a slight increment in 

stretchability from ~3.7 % (rPLA) toward 

approximately 4.3 - 4.6 % by adding 0.25 wt.% MPEI 

and increased to the highest value around 4.8 - 5.3 % by 

adding 0.75 wt.% MPEI, but slightly decreased by 

adding MPEI content up to 1 wt.%. These phenomena 

could be attributed to the formation of covalent bonds 

between the carboxylic acid group of rPLA and amine 

functional groups of the MPEI under the given condition 

[35,36], resulting in increased mechanical strength and 

elongation capabilities of the rPLA/MPEI blend system. 

The impact of the formation of covalent and hydrogen 

bonding between materials of the polymer blend and 

composite system on the improved tensile properties 

was reported in various articles. He et al. [37] reported 

that the formation covalent and hydrogen bonds 

between functionalized silica and polydicyclo 

pentadiene could improve tensile strength and ductility 

of the composite material. The role of improved 

interfacial interaction between components through the 

covalent and hydrogen bonding can help prevent the 

polymeric chain from flowing during the tensile test, 

resulting in the improved mechanical strength as 

revealed by Chino [38]. The reduction in tensile 

properties at 1 wt.% MPEI content may be linked to 

morphological changes in the material, as detailed in the 

subsequent morphological analysis. Compared to 

MPEI-2000, leveraging MPEI-25000 achieved greater 

efficacy for mechanical strengthening and stretching. 

This result may be attributed to the longer molecular 

chains of MPEI providing the material with enhanced 

flexibility than the shorter molecular chains, prolonging 

homogeneous stretching, and resisting breakage when 

the uniaxial extension tensile force is applied [39,40].

 

 

Figure 4 Stress-stain curves of rPLA and its blends: (a) rPLA/MPEI-2000 blends and (b) rPLA/MPEI-25000 at various 

MPEI contents. 

 

 

Figure 5 Tensile properties of rPLA and its blends: (a) tensile modulus (b) tensile strength and (c) elongation at break 
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Figure 6 demonstrates the impact-resistant value 

of the rPLA and rPLA/MPEI blends with different types 

and various MPEI contents. As a result, the neat rPLA 

revealed an impact strength value of approximately 3.8 

kJ/m2 with the typical complete break behavior as 

illustrated in Figure 7, indicating the characteristic of 

brittle fashion. The fracture resistance of the prepared 

materials increased up to 5.1 - 5.3 kJ/m2 by adding 0.25 

wt.% MPEI content and gently increased to the 

maximum value at approximately 6.0-7.4 kJ/m2 by 

adding 0.75 wt.% MPEI content with the typical 

complete break aspect, improving by about 2.2 - 3.6 

kJ/m2 compared to the neat rPLA. However, the impact 

resistance decreased to 4.8-6.5 kJ/m2 by adding MPEI 

up to 1 wt.% but is still higher than the neat rPLA. 

Consequently, the interfacial interaction between rPLA 

and MPEI through covalent bonding, as aforementioned 

[15], could significantly elevate the ability of 

rPLA/MPEI blends to absorb energy without failure 

[41]. Additionally, the hydrogen bonding between the 

hydroxyl or carboxyl groups of rPLA and the amine 

groups of MPEI may substantially influence the 

enhancement of the fracture resistance in the prepared 

polymeric blends [42,43]. The decrease in impact 

resistance at 1 wt.% MPEI content may be attributed to 

microstructural changes in the material, likely caused by 

an extensive formation of covalent bonds between 

components, leading to increased brittleness in the 

prepared material. Subsequently, the incorporation of 

MPEI-25000 into rPLA demonstrated superior impact 

strength in the rPLA/MPEI blend system, which was 

closely associated with its tensile properties. This 

enhancement is likely attributable to the longer 

molecular chains of MPEI-25000, which impart greater 

flexibility to the material when compared to shorter 

molecular chains. To confirm the improving tensile and 

impact properties, the microstructure of the rPLA/MPEI 

blends was observed by SEM analysis, which will be 

discussed further in the morphological studies. 

Moreover, the information of published articles 

involving mechanical properties of different types of 

additives blended with PLA is summarized in Table 2. 

As compared, this current research showed the notable 

aspect in case of the mechanical strength when 

compared to the previous research.

 

 

 

Figure 6 Impact strength of rPLA and rPLA/MPEI blends with different types and contents of MPEI. 
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Figure 7 Photograph of physical appearance and fracture behavior of rPLA and its blends after impact test. 

 

Table 2 Summary of the mechanical performance from the published articles of the PLA blended with other additives. 

Entry Comments 

Tensile 

strength 

(MPa) 

Elongation 

at break 

(%) 

Impact 

strength 

(kJ/m2) 

Ref. 

1 
Recycled PLA (rPLA)/multibranched 

polyethylenimine (rPLA/MPEI, 99.25/0.75 w/w) 
~68 ~5 ~7 

This present 

work 

2 Recycled PLA/wood flour (PLA/WF, 80/20 w/w) ~44 ~3 ND [44] 

3 PLA/Wood particles (90/10 w/w) ~58 ND ND [11] 

4 
PLA/Multi-branched polylactide ionomers 

(PLA/mPEI-PLA-COONa, 95/5 w/w) 
~32 ~175 ND 

[25] 

 

5 PLA/corncob fibers (PLA/CF, 90/10 w/w) ~40 ~4 ND [12] 

6 PLA/biochar (99/1 w/w) ND ~8 ND [13] 

7 

PLA/ thermoplastic pineapple stem starch 

(TPSS)/modified natural rubber (MNR) 

(PLA/TPSS/MNR, 79/20/1 w/w/w) 

~51 ~4 ~31 [16] 

8 
PLA/modified natural rubber (MNR) 

(PLA/MNR 95/5 w/w) 
~47 ~114 ~19 [45] 

9 
PLA/oil palm frond fibers (OPF) 

(PLA/OPF, 70/30 w/w) 
~72 ~3 ND [46] 

10 
PLA/CaCO3/polyester-based plasticizer (PEP) 

(PLA/CaCO3/PEP, 86/10/4 w/w/w) 
~44 ~7 ND [17] 

11 PLA/ZnO (99/1 w/w) ~33 ~8 ND [47] 

ND = No data in the published article 

 

Morphology of the blends 

The significant enhancement in the tensile 

properties and impact strength of the polymer blend and 

composite system aligns theoretically with its 

underlying microstructural characteristics [45,48,49]. 

Figure 8 displays the impact-fractured surface of the 

rPLA and its blends (rPLA/0.75MPEI-2000 and 

rPLA/0.75MPEI-25000 blends) to observe the 
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morphological aspect. As a result, the neat rPLA showed 

a smooth fractured surface and homogeneity without 

yielding, revealing the characteristic of brittle material 

[26]. Using MPEI as a mechanical modifier in the 

rPLA/MPEI blend system demonstrated a fractured 

surface with homogeneous miscibility without the phase 

separation, indicating that thermodynamic equilibrium 

phase behavior between the 2 components of the 

polymer blends was achieved under the given condition 

[50,51]. The fractured surface of the rPLA/MPEI blends 

showed typical ductile failure characterized by yielding 

or plastic deformation. Additionally, the highly 

stretched microfibrils observed on the fractured 

surface’s microstructure helped assert the brittle-to-

ductile transition of the prepared materials [52,53]. 

Considering the microstructure of the blends, the 

rPLA/0.75MPEI-25000 blend exhibited a higher 

number of microfibrils, indicating the higher ductile 

material. However, incorporating MPEI up to 1 wt.% 

resulted in a fractured surface that appeared smoother 

and exhibited fewer microfibrils compared to the 

rPLA/0.75MPEI blends, suggesting the material became 

more rigid and less ductile. This result is consistent with 

a decrement in mechanical strength and impact 

resistance after adding 1 wt.% MPEI.

 

 

 

Figure 8 SEM images of the impact-fractured surface of (a) rPLA, (b) rPLA/0.75MPEI-2000, (c) rPLA/1MPEI-2000, 

(d) rPLA/0.75MPEI-25000 and (e) rPLA/1MPEI-25000 blends. 

 

Thermal properties 

The thermal behavior of the rPLA and 

rPLA/MPEI blends was investigated using DSC and 

TGA analysis. Figure 9 shows the DSC thermograms of 

rPLA and its blends, and the relevant data can be 

summarized in Table 3. As a result, the neat rPLA 

revealed a low crystallinity level of about 0.04 % with 

the endothermic peak of the glass-transition temperature 

(Tg) at approximately 60 C, the broad exothermic peak 

of the cold crystallization temperature (Tcc) centered at 

about 121 C and the single endothermic peak of the 

melting temperature (Tm) at around 150 C [16]. The 

introduction of MPEI (MPEI-2000 and MPEI-25000) as 

a mechanical modifier resulted in a slight decrease in the 

Tg and Tcc values of the rPLA/MPEI blends by 

approximately 2 and 6 C, respectively. This result 

could reveal a probable increment of the segmental 

chain relaxation of the PLA matrix in the blend system 

during the heating process because of an increment of 

the free volume between polymer chains, allowing them 

to slide past each other at lower temperature [54]. 

Moreover, the steric hindrance of the multi-branch chain 

of MPEI in the blend system may promote chain 

mobility, resulting in a decline in the Tg and Tcc values 

of the desired materials [55]. Generally, the thermal 

transition behavior of polymeric materials is closely 

associated with the segmental chain motion related to 

polymer chain entanglement, the level of crosslinking 

[56,57], and the interfacial interactions [58,59] of the 

prepared material. Furthermore, the DSC thermograms 

of the rPLA/MPEI blends exhibited 2 distinct 

endothermic peaks of the Tm at approximately 147 and 

151 C, revealing probably the structural change in the 

recrystallization and the lamellar rearrangement of 

PLA’s crystalline [60]. A double endothermic melting 

peak suggested that 2 distinct PLA crystal structures 
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formed during the cold crystallization process. Both 

peaks were linked to the melting of the α phase. The 1st 

peak was associated with the simultaneous melting of 

the initial α crystals and the α′-α phase transition, which 

occurred via melt recrystallization. The 2nd peak 

corresponded to the melting of α crystals generated by 

the α′-α phase transition [61]. In the case of the degree 

of crystallinity, the addition of MPEI showed a slight 

increase in the crystallinity index of the PLA blends. 

This phenomenon could indicate that MPEI 

synergistically acted as a mechanical modifier and 

nucleating agent in the blend system. Generally, 

increasing the crystallinity index in the polymer blend 

can improve its mechanical properties, including 

stiffness, mechanical strength, and toughness [62]. This 

rationale is consistent with the improved tensile and 

impact properties of the rPLA/MPEI blends as 

aforementioned.

 

Table 3 Thermal properties of rPLA and its blends. 

Sample 

DSC analysis       TGA analysis 

Tg (C) 
Tcc 

(C) 

ΔHcc 

(J/g) 

Tm 

(C) 

ΔHm 

(J/g) 

Xc 

(%) 
      

T5% 

(C) 

TDTG 

(C) 

rPLA 60.2 120.6 16.8 150.0 20.5 4.0       350.8 389.1 

rPLA/0.75MPEI-2000 58.5 115.1 22.4 146.4, 150.8 28.9 6.9       353.2 402.4 

rPLA/0.75MPEI-25000 58.2 115.8 21.3 146.7, 150.8 30.6 10.0       353.5 413.7 

 

 

 

Figure 9 DSC thermograms of rPLA and its blends. 

 

 

Figure 10 demonstrates the TGA thermograms of 

the rPLA and the rPLA/MPEI blends, and the relevant 

information can be summarized in Table 3. As a result, 

the neat rPLA possessed the 5 % weight-loss 

temperature (T5%) at approximately 351 C with the 

maximum weight-loss rate temperature (TDTG) at about 

389 C. The addition of MPEI increased the T5% and 

TDTG by approximately 3 and 13 - 25 C, respectively. It 

could probably be attributed to the network formation 

between rPLA and MPEI through the amide linkages 

created during the high-temperature melt blending 

process, resulting in the improved heat resistance of the 

material.
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Figure 10 Thermal decomposition temperature of rPLA and its blends: (a) TGA and (b) DTG thermograms. 

 

 

Conclusions 

Recycled poly(lactic acid) (rPLA) from coffee 

cups is a valuable plastic waste that can be developed 

for innovative recycling applications. The multi-

branched polyethyleneimine (MPEI) was utilized as a 

mechanical modifier at different concentrations (0.25 to 

1 wt.%) and molecular weights (Mw of 2,000 and 25,000 

g/mol) for blending with recycled polylactic acid 

(rPLA) to enhance its mechanical and thermal properties 

through a physical melt mixing process. This finding 

result is supporting the objectives of the research 

objective. As a result, the ATR-FTIR and 13C-NMR 

analysis asserted the formation of the amide linkage 

between rPLA and MPEI under the given melt mixing 

condition. The addition of 0.75 wt.% MPEI with a 

molecular weight of 25,000 g/mol can lead to the 

greatest enhancements in tensile strength and impact 

resistance, increasing by about 9 MPa and 3.6 kJ/m², 

respectively, compared to the neat rPLA. The 

microstructure of the rPLA/MPEI blends showed 

homogeneity and some microfibrils on the fractured 

surface, indicating the miscibility of the 2 components 

and the brittle-to-ductile transition of the prepared 

material. A slight shift in the Tg value of the rPLA/MPEI 

blends towards the lower temperature boundary helped 

confirm an increment in the segmental chain motion of 

the PLA matrix in the blend system. Additionally, the 

thermal decomposition temperature of the blends 

improved by adding small amount of MPEI. This study 

proposes an alternative approach to enhancing the 

mechanical and thermal properties of recycled PLA, 

thereby increasing the value of single-use products and 

expanding their end-use applications while promoting 

sustainable recycling into high-value products. 

As concerned, the addition of MPEI affects the 

color of the prepared blend, producing a brown shade 

that deepens as the MPEI content increases. This change 

could restrict certain potential applications of the 

rPLA/MPEI blend. Furthermore, in this research, the 

MPEI content was limited to less than 1 wt.% due to a 

significant reduction in mechanical properties observed 

when the content exceeded 1 wt.%.  
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