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a b s t r a c t 

Many bioplastics offer potential advantages over petroleum-based plastics, such as renewability, improved 

sustainability, and, in some cases, biodegradability or lower toxicity. However, in most cases, their lim- 

ited mechanical performance, processing stability, or higher production costs hinder widespread adop- 

tion. Blending is a key strategy to overcome these limitations; however, the inherent immiscibility of 

most biopolymers leads to challenges like coarse morphology and poor interfacial adhesion. This review 

aims to provide an in-depth analysis of bioplastic blends by examining the fundamental principles (ther- 

modynamic interactions, process kinematics, and morphology development) that control their behavior. 

It critically evaluates a broad spectrum of compatibilization strategies that span non-reactive and reactive 

methods and those utilizing nanofillers, aimed at stabilizing blend microstructures and enhancing mate- 

rial performance. A novel aspect of this work is its integration of these material science concepts with 

important end-of-life considerations, including biodegradability and recyclability challenges. Furthermore, 

it highlights the transformative role of artificial intelligence (AI) and machine learning (ML) as novel in- 

struments for accelerating the design and optimization of next-generation bioplastic formulations. Over- 

all, this review concludes that unlocking the full potential of bioplastics for high-performance industrial 

applications necessitates a holistic approach that integrates tailored blending strategies with advanced 

computational design, thus paving the way for the realization of a circular bioeconomy. 

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 

List of abbreviations: AI, Artificial Intelligence; ANN, Artificial Neural Net- 

works; Bio-PE, Bio-Polyethylene; Bio-PET, Bio-Polyethylene Terephthalate; Bio-PP, 

Bio-Polypropylene; Bio-PTT, Bio-Polytrimethylene Terephthalate; Ca, Capillary Num- 

ber; CNT, Carbon Nanotube; De, Deborah Number; �Gm , Gibbs Free Energy of Mix- 

ing; �Hm , Enthalpy of Mixing; �Sm , Entropy of Mixing; EPDM, Ethylene Propy- 

lene Diene Monomer; ESAO, Epoxy-based Styrene-Acrylic Oligomer; GCT, Group 

Contribution Theory; IFR, Imbedded Fiber Retraction; IPN, Interpenetrating Net- 

work; LSSVR, Least-Squares Support Vector Regression; MA, Maleic Anhydride; 

MFI, Melt Flow Index; ML, Machine Learning; MLP-ANN, Multilayer Perceptron 

Artificial Neural Network; MLPNN, Multilayer Perceptron Neural Network; Mw, 

Molecular weight; MWCNT, Multiwalled Carbon Nanotubes; NR, Natural Rubber; 

OWK, Owens-Wendt-Kaelble; PA-11, Polyamide-11; PBAT, Polybutylene Adipate-co- 

Terephthalate; PBSA, Poly(butylene succinate-co-adipate); PC, Polycarbonate; PCL, 

Polycaprolactone; PE, Polyethylene; PEBA, Poly (ether-b-amide); PEF, Polyethylene 

Furanoate; PEO, Polyethylene Oxide; PGA, Polyglycolic Acid; PGMA, Poly(glycidyl 

methacrylate); PHB, Poly(3-hydroxybutyrate); PHBV, Poly(3-hydroxybutyrate-co-3- 

hydroxyvalerate); PLA, Polylactic Acid; PLLA, Poly(L-lactic acid); PVA, Polyvinyl Al- 

cohol; PUR, Polyurethane; SP, Sepiolite; Tg , Glass Transition Temperature; TPS, 

Thermoplastic Starch; UDC, Universal Dynamic Crosslinker; USC, Universal Static 

Crosslinker; Re, Reynolds Number; s, Interfacial Tension; ?, Viscosity. 
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1. Introduction 

Bioplastics, novel materials of the 21st century, play a crucial 

role in transitioning towards a more sustainable and circular econ- 

omy [ 1 , 2 ] . Concerns associated with environmental degradation 

and effort s to reduce the carbon footprint of conventional plas- 

tics are catalyzing an interest in the development and utilization of 

bio-based and biodegradable plastics [ 3 ]. Bioplastics encompass a 

diverse family of polymers, from bio-based and biodegradable plas- 

tics like polylactic acid (PLA), starch, and polyhydroxyalkanoates 

(PHAs) [ 4 ], to bio-based non-biodegradable polymers such as bio- 

polypropylene (Bio-PP), bio-polyethylene (Bio-PE), and further on 

to petrochemical-sourced but biodegradable bioplastics like poly- 

butylene adipate co-terephthalate (PBAT) [ 3 ]. 

While the bioplastics market has grown steadily in recent years, 

their current production volume remains relatively small compared 

to the vast output of conventional plastics. However, Fig. 1b dis- 

plays that bioplastic production is expected to hit a five-fold in- 

crease (4605 thousand metric tons) by 2028 [ 5–7 ]. Furthermore, 

the growth in the utilization of bio-based/non-biodegradable plas- 

tics has been projected to be triple (2827 t) in 2028 from its pro- 
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Fig. 1. Worldwide production capacity of bioplastics. (a) Regional distribution [ 8 ], Copyright 2023. Adapted with permission from Statista. (b) Classification by biodegrad- 

ability [ 7 ], Copyright 2023. Adapted with permission from Statista. (c) Breakdown by polymer type [ 6 ], Copyright 2022. Adapted with permission from Statista. 

duction capacity in 2022. Geographically, the bioplastics industry 

in being led by Asia, accounting for 50.9 % of the total produc- 

tion capacity. The dominating share (around 30 %) of PLA in the 

present market has been predicted to be maintained through 2028, 

whereas, PHAs have been predicted to exhibit significant growth 

( Fig. 1c ) [ 5–7 ]. This growing trajectory of bioplastics highlights the 

urgent need to address the technical challenges that are limiting 

the wide-scale application of these promising materials across in- 

dustries. 

Despite the numerous advantages, a significant gap exists be- 

tween the theoretical potential of the bioplastics and their practi- 

cal large-scale employment. This gap stems from the challenges as- 

sociated with bioplastic production and utilization, including cost- 

effectiveness in com parison to conventional plastics, inferior ther- 

mal stability, narrow processing window [ 9 ], slow crystallization 

[ 10 ]. Thus, research and innovation aimed at overcoming these lim- 

itations via blending with each other [ 11 , 12 ], development of bio- 

composites and nanocomposites [ 13 , 14 ], as well as strategies for 

enhancing compatibility, plasticization [ 15 ] is critical for advancing 

the performance, scalability, and industrial viability of bioplastics. 

Among the various effort s, blending bioplastics offers a flexible 

and versatile approach to creating sustainable materials with tai- 

lored material properties and optimal cost structure [ 16 , 17 ]. How- 

ever, this solution introduced a thermodynamic challenge inher- 

ent to traditional polymer blends, where polymer blend miscibility 

or compatibility is an exception [ 18 , 19 ]. The inherent immiscibil- 

ity between different biopolymers often leads to phase separation, 

which adversely affects the mechanical properties and stability of 

the resulting materials [ 20 ]. Further, to mitigate the challenges 

of immiscibility, compatibilization approaches are extensively em- 

ployed to effectively reduce the interfacial tension between the 

disparate biopolymers [ 21 ]. This promotes better adhesion and dis- 

persion within the polymer matrix, thus enhancing the morphol- 

ogy development and flow properties of the resulting blends [ 22 ]. 

The novelty of this work lies in its integrated approach, com- 

bining fundamental polymer science, compatibilization techniques, 

end-of-life considerations (biodegradability and recyclability), and 

cutting-edge AI-driven design paradigms. The primary objective of 

this work is to provide academic researchers and industrial prac- 

tisioners with a comprehensive roadmap. By covering the cur- 

rent state of knowledge and highlighting future pathways, this 

work aims to empower the scientific community to design next- 

generation, high-performance cost-effective bioplastic blends tai- 

lored for specific applications. 

2. Fundamentals of polymer blending 

Polymer blends are vital for optimizing properties and reduc- 

ing costs in the plastics industry. Commercially successful tradi- 

tional polymer blend examples include Santoprene® (ExxonMobil), 

a polypropylene (PP) matrix with dispersed ethylene propylene di- 

ene monomer (EPDM) [ 23 ], and Zytel® ST-801 (DuPont), where 

sub-micron EPDM rubber droplets enhance Nylon 6,6 toughness 

[ 24 ]. Examples of commercial bioplastic blends include Ecoflex®

(BASF, Germany), which is based on confidential biopolymer blends 

including PLA and PBAT, and Mater-Bi (Novamont, S.p.a, Italy), a 

blend of biodegradable thermoplastics (corn starch, vegetable oil 

derivatives, and biodegradable synthetic polyester) [ 25 ]. 

Most polymer blends are immiscible in the melt state or may 

phase separate (i.e., undergo coarsening) during solidification [ 26 ]. 

The blend microstructure, established during compounding, can 

further evolve during secondary processing steps such as injection 

and compression molding, fiber spinning, and film forming. As de- 

scribed in D. R. Paul’s seminal textbook on polymer blends, “im- 

miscibility is the rule and miscibility is the exception”, highlight- 

ing the rarity of miscible melt-processed blends that do not form 

phase-separated microstructures [ 20 ]. 

This immiscibility exhibited by the polymeric fractions stems 

from their high molecular weights reducing the entropy of mix- 

ing, incompatible chemistries limiting chain interactions, and un- 

favorable enthalpy changes ( �Hm 

), leading to a positive Gibbs free 

2
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Fig. 2. Solubility parameter values for polymers calculated using GCT [ 27 ], Copyright 2006. Adapted with permission from Destech Publications Inc. 

energy of mixing ( �Gm 

), as described by Eq. (1) : 

�Gm 

= �Hm 

− T�Sm 

(1) 

where T is the temperature, �Hm 

is the enthalpy of mixing, and 

�Sm 

is the entropy of the mixture. Miscibile polymer blends are 

indicated when �Gm 

� 0, while �Gm 

� 0 indicates immiscibility. For 

nonpolar polymers, �Hm 

is typically positive, making miscibility 

reliant on the entropy term. 

2.1. Solubility parameter for predicting polymer miscibility 

Various methods have been developed to predict the miscibility 

of polymer components in a blend. Mike Coleman and Paul Painter 

were leaders in the advancing the use of Group Contribution The- 

ory (GCT) for estimating solubility parameters and interaction pa- 

rameters (Hansen or Hildebrand) based on the chemical structures 

of polymers, accounting for hydrogen bonding and other molecular 

interactions [ 27 ]. These parameters can then be used to quantify 

the ability of one polymer to interact with another. To compare the 

solubility of polymers, the classical GCT developed by Hildebrand 

can be employed [ 28 ] . In this approach, the solubility parameter 

( δ) is calculated ( Eq. (2) ) as: 

δ = 4 . 1

�
γ

( M /ρ) 
1 / 3 

�0 . 43 

(2) 

where ρ is density, M is molecular weight and γ is surface ten- 

sion. The solubility parameters values of several polymer systems 

employing GCT have been calculated and illustrated in Fig. 2 . The 

respective systems have been ordered from non-polar polymers to 

their polar counterparts [ 41 ]. It can be noted from Fig. 2 that poly- 

olefins like polyethylene (PE) and polypropylene (PP) are highly 

non-polar, with weak specific interaction values of 16.48 (J/cm3 )1/2 

and 17.81 (J/cm3 )1/2 , respectively. On the other hand, polyacryloni- 

trile (PAN) and nylon 6,6 are polar, with strong specific interac- 

tion values of 28.66 (J/cm3 )1/2 and 27.84 (J/cm3 )1/2 , respectively. 

Among the biopolymers, poly(glycolic acid) (PGA), a biodegradable 

and thermoplastic aliphatic polyester, displays strong polarity with 

an interaction parameter of 24.38 (J/cm3 )1/2 compared to polyhy- 

droxybutyrate, a bacterial polyester exhibiting a characteristic non- 

polar interaction parameter of 19.65 (J/cm3 )1/2 . While no definitive 

miscibility parameter value guarantees polymer blend miscibility, 

proximity in the parameter values of the blend constituents is con- 

sidered favorable for miscibility and compatibility. 

2.2. Importance of interfacial energy 

Polymer blend miscibility is influenced by interfacial energy be- 

tween the components. A miscible system forms a single phase 

with near-zero free energy of mixing, while immiscible blends 

form two phases, which may be either “compatible” or “incompat- 

ible” with high interfacial tension as illustrated in 

�Gm 

V 

= RT 

�
ρA φA 

MA 

ln φA +
ρB φB 

MB 

ln φB 

�
+ χAB 

RT 

Vref 

φA φB (3) 

In the above equation, the first two logarithmic terms denote 

combinational entropy of mixing, while the third term represents 

the enthalpy of mixing. For polymers with infinite molar mass, the 

entropy contribution is small, making the system’s miscibility pri- 

marily dependent on the enthalpy of mixing. If the parameter χ

3
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Fig. 3. Miscibility and polymer-polymer interaction energy [ 20 ], Copyright 2012. Adapted with permission from Elsevier Science Ltd. 

is negative, the system exhibits miscibility ( �Hm 

< 0 ). Miscibility 

occurs when χ < χcrit , where χcrit is the critical χ value which is 

a function of the molecular weight of the components and it can 

be expressed as ( Eq. (4) ) [ 30 ] : 

χcrit =
1 

2 

�
1 √ 

r1 
+ 1 √ 

r2 

�2 

(4) 

where r denotes the number of polymer segments, which is pro- 

portional to the degree of polymerization. 

As shown in Fig. 3 , higher interfacial tension ( σ12 ) typically in- 

creases the dispersed-phase particle size. Interfacial tension, which 

defines interaction energy, can be measured directly using the pen- 

dant drop method or estimated from the surface tensions of the 

blend components. The pendant drop method is widely employed 

for its accuracy and time-consuming nature [ 31 ]. Empirical equa- 

tions and surface tension-based models are alternative methods for 

interfacial tension estimates [ 32–34 ]. The interfacial tension can be 

influenced by several factors during melt blending, including phase 

miscibility between the dispersed phase and the matrix phase, the 

effects of compatibilizing additives that migrate to the interface, 

and interfacial reactions (e.g. in situ grafting and transesterifica- 

tion). Further, experimental errors, model assumptions, and empir- 

ical parameters can impact the design and performance of polymer 

blends [ 35 , 36 ]. For instance, Biresaw et al. reported an interfacial 

tension value of 5.4 ± 1.3 dyn/cm for a PLA/PS blend using the 

imbedded fiber retraction (IFR) method [ 45 ], consistent with Lu- 

ciani’s solubility parameter-based empirical equation (4.4 dyn/cm) 

and Antonoff’s equation (3.0 ± 1.4 dyn/cm), respectively [ 37–41 ]. 

Interfacial tension can also be calculated from the surface tensions 

of the two polymers in a blend. For nonpolar-polar systems, the 

Owens-Wendt-Kaelble (OWK) equation ( Eq. (5) ), based on the Ge- 

ometric mean, is commonly used: 

γ12 = γ1 + γ2 − 2

�� 

γD 
1 
γD 
2 

+
� 

γp 
1 
γp 
2 

�
(5) 

Wu’s equation utilizes the harmonic or “reciprocal” mean 

( Eq. (6) ) [ 42 ] : 

γ12 = γ1 + γ2 − 4

�
γD 
1 γ

D 
2 

γD 
1 

+ γD 
2 

+ γP 
1 γ

P 
2 

γP 
1 

+ γP 
2 

�
(6) 

In a study by Tadele et al., OWK and Wu’s equations were uti- 

lized for calculating the interfacial tension values of corn zein pro- 

tein (modified and baseline) blends with PBAT, as presented in 

Table 1 [ 12 ]. 

Fig. 4. Dispersive and distributive mixing [ 43 ], Copyright 1997. Adapted with per- 

mission from John Wiley & Sons Inc. 

2.3. Impact of kinematics (Rheology and processing) 

The morphology development of polymer melt blends strongly 

depends on mixing process efficiency in an extruder or forming 

process. As illustrated in Fig. 4 , dispersive mixing is where parti- 

cles or droplets break up into daughter particles or droplets when 

deformed or subjected to critical stress. Distributive mixing on the 

other hand, is the movement of particles or droplets in the matrix 

toward a more uniform or random arrangement. Melt compound- 

ing systems accomplish both types of mixing through shear and 

extensional flows. Process time, temperature, and the shear or ex- 

tension history (imparted by the extrusion) for all processing steps 

is critical in the quantification of dispersive and distributive mixing 

performance. Minor phase droplet breakup occurs in fluids in shear 

or extensional flows when there is sufficient deformational strain 

and stress. Flow-induced coalescence can also occur as droplets 

collide in the flow field [ 43 ]. 

Even miscible blends in melt processing require dispersive 

breakup of domains and distributive mixing. Most systems are 

diffusion-limited within process residence times and miscible poly- 

mer blends may not be molecularly mixed at the exit of poly- 

mer processing equipment, such as an extruder or in a mold cav- 

ity. To diffusion limitation can be overcome by utilizing advanced 

compounding techniques like reactive extrusion, high-shear mix- 

ing, and compatibilizers [ 44 , 45 ]. Further, subjecting the extrudate 

to post-processing techniques (thermal or solvent annealing) could 

aid in enhancing diffusion [ 46 , 47 ]. Mixing design, including the ex- 

4
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Table 1 

mZein/PBAT interfacial tension values [ 12 ]. 

Sample Zein (wt %) mZein (wt %) PBAT (wt %) OWK equation (mN/m) Wu equation (mN/m) 

Zein/PBAT (70/30) 70 - 30 6.12 3.614 

Zein/PBAT (50/50) 50 - 50 5.571 1.673 

Zein/PBAT (30/70) 30 - 70 1.896 3.022 

mZein/PBAT (70/30) - 70 30 0.352 1.663 

mZein/PBAT (50/50) - 50 50 1.029 0.495 

mZein/PBAT (30/70) - 30 70 1.975 0.037 

truder screw length to height of flight, helix angle, ratio of pressure 

flow and drag flow, and the direction of the shearing plane is crit- 

ical to achieve efficient dispersion and distribution of component 

polymers in blends [ 48 ]. 

3. Morphology of bioplastic blends 

The morphology of polymer blends plays a crucial role in deter- 

mining their mechanical, thermal, and barrier properties. For mis- 

cible blends, a single-phase homogeneous morphology is typically 

observed, resulting in uniform properties throughout the material. 

However, in partially miscible or immiscible blends, phase separa- 

tion often leads to a heterogeneous morphology with distinct do- 

mains corresponding to each component. In general, the morphol- 

ogy of an immiscible polymer blend formed during melt process- 

ing is governed by constituent material properties, thermodynamic 

interactions between components and the kinematics of the pro- 

cess. The critical factors that control morphological development 

and stability are viscosity and volume ratio of component poly- 

mers, interfacial tension or energy between phases, and processing 

methods and conditions that drive the dispersion and coalescence 

of components [ 49–51 ]. 

In the case of bioplastic blends, miscibility is rare due to the in- 

herent chemical and structural differences between many biopoly- 

mers. Certain grades of PHA, such as poly(3-hydroxybutyrate) 

(PHB) can mix homogeneously with PLA, leading to improved 

ductility and thermal properties. PHAs are biodegradable linear 

polyesters derived from microorganisms, with PHB being the most 

common form. The miscibility of PLA/atactic PHB blends typically 

depends on the molecular weight of PHB, with lower molecular 

weight PHB leading to better miscibility and enhanced crystalliza- 

tion of PLA, while higher molecular weight PHB causes immiscibil- 

ity [ 52 , 53 ]. Iannace et al. studied PLLA/PHBV blends, finding that 

higher PHBV content reduced tensile strength but increased elon- 

gation at break [ 54 ]. 

Further, some hybrid bioplastic blends composed of a bioplastic 

and non-bioplastic component have been studied. A few of them 

have been discussed as follows: 

• Poly( ε-caprolactone) (PCL) and Poly(vinyl acetate) (PVAc): The 
miscibility of PCL with PVAc was investigated using DSC, re- 

vealing a single transition temperature across the entire com- 

position range. This blend forms transparent material with im- 

proved flexibility and processability [ 55 , 56 ]. 

• Poly(3-hydroxybutyrate) (PHB) and poly (vinyl acetate) (PVAc): 
This blend is miscible across the entire composition range, ex- 

hibiting a single glass transition temperature that varies with 

composition. The addition of PVAc increases nucleation density 

and crystallization rates at higher temperatures, while reducing 

crystallization and toughening the composite at temperatures 

near the glass transition, enhancing its resistance to embrittle- 

ment at room temperature [ 57 , 58 ]. 

• Poly(lactic acid) (PLA) and polyethylene glycol (PEG): PEG acts 

as an effective plasticizer for PLA, due to its biocompatibility, 

low cost, and ability to enhance PLA’s ductility and flexibil- 

ity. However, the miscibility of PEG depends on its molecular 

weight and concentration. Molecular dynamic simulations re- 

vealed that PLA and PEG are miscible at low PEG concentrations 

(10–30 wt %) but become immiscible at higher concentrations 

( > 50 wt %) [ 59–61 ]. 

Melt blending of two immiscible polymers commonly leads 

to two main types of blend morphologies, i.e. dispersed and co- 

continuous ( Fig. 5 ). The morphology of blends also depends on 

the blend concentration. Dispersed morphology occurs in asym- 

metric compositions, where the lower-viscosity major component 

forms the continuous phase (or matrix), and the higher-viscosity 

minor component forms the dispersed phase [ 62 , 63 ]. Dispersed 

morphology can form various structures like droplets for enhanced 

toughness or fiber-like and lamellar structures for improved bar- 

rier properties [ 64 ]. During blending, pellets of the dispersed phase 

stretch into sheets, which then break into fibers, and eventu- 

ally into particles. Stopping the process at different stages can 

yield various morphologies, such as laminar, fiber/matrix, or parti- 

cle/matrix [ 65 ]. The dispersed phase usually forms a droplet mor- 

phology characterized by an average diameter (Dd ) or a particle 

size distribution (PSD). 

In contrast, a co-continuous morphology forms near-symmetric 

blend compositions (e.g., 55/45, 50/50, 45/55) and is suitable for 

electrical and many other high-performance material applications 

[ 64 ]. Co-continuous morphology can also form a 3D network of 

both phases, providing continuous pathways through the entire 

blend, known as an interpenetrating network (IPN). Co-continuous 

morphology emerges at or near the phase inversion point of dis- 

persed morphology during melt compounding, where the dis- 

persed phase transitions into a continuous network [ 20 , 66 ] . This 

phenomenon typically occurs within a narrow range of approxi- 

mately ± 5 vol. % around the phase inversion point ( Fig. 6 ). This 
morphology is particularly appealing due to its ability to combine 

the properties of individual components effectively. However, it is a 

non-equilibrium structure therefore inherently unstable, undergo- 

ing filament break-up and retraction as soon as the polymer melt 

blend exits the mixer. To preserve the co-continuous morphologies, 

interfacial tension between phases need to be reduced. This can 

be achieved by utilization of compatibilizers that reduce interfacial 

energies and suppress coalescence. Also, the use of nanoparticles 

as stabilizers for preserving co-continuous structures has been re- 

ported in literature [ 67 ]. Further, rapid quenching after mixing can 

help “freeze” the co-continuous structure, before filament breakup 

occurs [ 68 , 69 ]. 

Paul and Barlow defined the phase inversion point as the con- 

dition where the viscosity ratio of the components equals the vol- 

ume ratio [ 20 ]. It was refined by Kitayama and Paul [ 66 ], as follows 

( Eq. (7) ): 

φA 

φB 

= 0 . 887

�
ηA ( γ

. , T ) 

ηB ( γ . , T ) 

�0 . 29 

(7) 

where ɸ is the volume fraction. The morphology of an immiscible 

polymer blend fabricated by melt processing is governed by con- 

stituent material properties, volume ratio, interfacial tension, and 

processing conditions, requiring careful consideration. 

5



R. Shorey, E. Esmizadeh and T.H. Mekonnen Progress in Polymer Science 173 (2026) 102064

Fig. 5. Morphologies of immiscible blends with (a) Co-continuous and (b) Dispersed. 

Fig. 6. Phase inversion in immiscible polymer blends. 

3.1. Morphology development and mixing regimes 

Morphology development strongly depends on the mixing con- 

ditions in the extruder or subsequent forming processes. During 

the mixing, the domains of each component are deformed by the 

applied flow field, resulting in elongated particles of the dispersed 

phase, which are essential for forming a fully continuous phase 

(when the volume fraction of the minor phase is below 0.7). The 

stability of these elongated structures depends on their aspect ra- 

tio ( l /d ) and the local Capillary number (Ca), which is described by 

Eq. (8) [ 68 ]. 

Ca = γ ηm 

d /σ12 
(8) 

where the process kinematics are captured with the shear stress 

τ = γ ηm 

, and the thermodynamic interactions with the interfacial 

tension σ12 . 

During mixing, when Ca is high, shear stress dominates interfa- 

cial stress, causing particles to stretch. The elongation of dispersed- 

phase particles is governed by the conservation of volume, with 

the diameter of the resulting elongated cylinder being a function 

of deformation. As the elongation progresses, the Ca decreases 

with increasing l /d . Once the critical capillary number ( Cacrit ) is 

reached, interfacial stress destabilizes the elongated particles, lead- 

ing to break up. This behavior divides the mixing process into two 

distinct regimes: 

• Distributive mixing ( Ca < Cacrit ) occurs where shear stress sig- 

nificantly exceeds interfacial stress, allowing droplets to stretch 

into stable, slender threads without breaking. This enables the 

formation of co-continuous morphologies over a broad range of 

compositions. 

• Dispersive mixing ( Ca >> Cacrit ) occurs when interfacial stress 

becomes significant, causing surface disturbances on the 

threads to grow, leading to droplet break-up. As a result, co- 

continuous morphologies are only achievable at high-volume 

fractions. 

Compounding systems accomplish both types of mixings 

through shear and extensional flows. Key factors include process 

time, temperature, and the shear or extension history. Minor phase 

breakup occurs under sufficient deformational strain, while flow- 

induced coalescence may occur as dispersed phases collide in the 

flow field [ 20 , 70 ]. Even miscible blends in melt processing require 

both dispersive and distributive mixing types. However, diffusion 

limitations during typical process residence times often prevent 

full molecular mixing upon exiting processing equipment. 

3.2. Evolution of morphology 

3.2.1. Dispersed-phase morphology structure breakup/coalescence 

The flow of polymer melts in a compounding or shap- 

ing/forming system is laminar, typically with a very low Reynolds 

number ( Re << 1). Under shear or extension, droplets undergo an 

affine deformation, stretching into a thread or sheet (as illustrated 

in Fig. 7 ) and Rayleigh instability occurs, and the thread breaks 

into daughter droplets. 

Grace et al. explored and quantified the dispersive mixing of 

immiscible Newtonian fluids [ 72 ]. The classical breakup mecha- 

nisms were studied extensively, and the famous Grace curve was 

established as shown in Fig. 8 . The Grace curve illustrated the 

relationship between droplet breakup in simple shear, the Capil- 

lary number, Ca, and the viscosity ratio. Grace showed that droplet 

breakup occurs when the Ca versus viscosity ratio falls within or 

above the curves. The rule of thumb from Grace’s research on im- 

miscible Newtonian model fluids is that if the viscosity ratio ex- 

ceeds 3.5, no breakup occurs ( Fig. 8 ). This explains why twin-screw 

compounding extruders are highly effective and efficient in disper- 

sive mixing of immiscible polymers or rubbers. 

Wu investigated droplet breakup in non-Newtonian viscoelas- 

tic polymer melts during extrusion compounding [ 74 ]. The results 

revealed that for non-Newtonian systems the dispersion window 

broadened, and the dispersed phase droplet breakup occurred even 

at viscosity ratios above 3.5, unlike Newtonian systems. This work 

shows that twin-screw compounding is very effective in dispers- 

ing immiscible, incompatible polymers. A predictive equation for 

droplet size ( Eq. (9) ) incorporating viscosity ratio, interfacial ten- 

sion, and stress was also developed [ 74 ]. 

Dd =
4γdm 

( ηd /ηm 

) 
± 0 . 84 

ηm 

γ
(9) 

where the power-law sign is + for ηr > 1 and – for ηr < 1 ( ηr = 

ηd / ηm 

). 
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Fig. 7. Rayleigh instability and breakup, where A1 refers to the diameter of the initial (big) droplet and A2 is the transverse diameter of the thread or sheet under shear 

[ 71 ], Copyright 2004. Adapted with permission from American Physical Society. 

Fig. 8. Relation between Cacrit and viscosity ratio ( p ) in polymer blends [ 73 ], Copy- 

right 2020. Adapted with permission from Multidisciplinary Digital Publishing In- 

stitute. 

Sundararaj et al. investigated the fundamentals of melting and 

dispersion of immiscible polymer blends using model polymers 

(polycarbonate (PC) in polyethylene (PE) matrix) with Couette cell 

experiments ( Fig. 9 ) [ 75 , 76 ]. For a dispersed phase (polycarbonate) 

within a continuous (polyethylene) matrix, a surface erosion mech- 

anism was observed, where droplets from the dispersed phase 

shed fragments into the surrounding matrix, as displayed in Fig. 9b 

Fig. 10a shows the kinetics of erosive dispersion (PC in PE ma- 

trix), plotting relative droplet volume as a function of shear time 

[ 77 ]. The reduction in droplet volume exhibits fitting a first or 

second-order type kinetic expression. As is apparent from Fig. 10a , 

the system experienced minimal surface erosion and shedding un- 

der specific shear and temperature conditions [ 77 ]. 

They also studied stress behavior using the Deborah number 

( De = λγ ) defined as the ratio of the relaxation time and the char- 

acteristic process time, establishing criteria for breakup ( Fig. 10b ). 

Moreover, Sundararaj also observed another dispersion mechanism, 

vorticity alignment, and breakup, where normal force may develop 

at the north and south poles of a rotating droplet causing breakup 

or erosion perpendicular to the shear direction. Fig. 11 summarizes 

the four droplet breakup mechanisms: sheet breakup, erosion, tip- 

streaming, and vorticity-induced breakup. 

Flow-induced coalescence is a kinematic process where droplets 

collide and merge within a flow field, as illustrated in Fig. 12 . The 

process involves three steps: 1) droplets moving at different veloci- 

ties collide or come into proximity with one another at some small 

distance ( h0 ), 2) the fluid drains between the drop to a critical gap 

( hcrit ), and 3) the droplets join and form a larger droplet. Droplet 

breakups and coalescence often occur simultaneously. The evolu- 

tion of the particle size distribution during the mixing process re- 

flects the balance between dispersive mixing and coalescence. 

Chester’s classical model defines the probability that the coa- 

lescence of a blend in a shear flow will occur with the expression 

[ 72 ]: 

Probabilit yc ∝ exp 

�
− Dd ηd 

2hc ηm 

Ca3 / 2 

�
(10) 

where hc is the critical gap height for draining ( ∼5 nm). Coales- 

cence is more likely when Dd is small, and ηd and Ca are low. 

Low Ca is associated with low ηm 

, low shear rate, and high in- 

terfacial tension. While Chester’s model effectively relates mate- 

rial properties, particle size, and process kinematics to coalescence, 

it neglects the effect of dispersed phase concentration and inter- 

particle distance [ 72 , 80 ]. Later advancements, particularly by Han 

Meijer et al. incorporated these additional variables, offering a 

comprehensive model for flow-induced coalescence [ 78–83 ]. The 

probability of coalescence of colliding droplets is described as the 

product of the probabilities of droplet collision and fluid drainage 

( Eq. (11) ): 

Probabilit yc = Pcollision PDrain = exp 

�
− tcollision 

tprocess 

�

exp 

�
− tdrain 

tinteraction 

�
(11) 

where tcollision is the kinematic time of a collision, tprocess is the 

characteristic process time interval, tdrain is the time for matrix 

fluid drainage between droplets, and tineraction is the time of droplet 

interaction. Meijer modeled immobile, partially mobile, and fully 

mobile interfaces, thus, predicting the extent of deformation pos- 

sible in droplets. Moreover, various empirical relations can be uti- 

lized for predicting the material properties of polymer blends, a 

few of which have been presented in Table 2 . 

In a work by Pesaranhajiabbas et al., the thermal, mechani- 

cal, and viscoelastic properties of various blend formulations of 

BioPBSA and PBAT were studied. The formulation with a homoge- 

neous distribution of PBAT fractions demonstrated better material 

properties than its counterparts incorporating larger, nonhomoge- 

neous PBAT particles. This improvement could be attributed to a 

higher interfacial area and improved interphase adhesion, which 

resulted in better stress transfer [ 91 ]. 

3.2.2. Evolution of co-Continuous morphology 

The formation of co-continuous structures likely involves sheet 

formation, break-up, and local coalescence of the minor phase, 
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Fig. 9. Erosive dispersion process. (a) droplet rotation in a shear field, (b) droplet breakup by surface erosion and shedding, (c) fragment separation, and (d) incorporation 

of eroded film into the matrix [ 75 ], Copyright 2004. Adapted with permission from John Wiley & Sons Inc. 

Fig. 10. (a) Erosion mechanism kinematics in an immiscible blend [ 77 ], Copyright 2004. Adapted with permission from John Wiley & Sons Inc. (b) Relationship between 

stress and Deborah number (De) [ 76 ], Copyright 2003. Adapted with permission from John Wiley & Sons Inc. 

rather than simply packing elongated droplets into a continuous 

network. The condition Ca > 1 applies to the stability of elongated 

structures, regardless of their origin. These structures must remain 

stable during processing to achieve co-continuity [ 68 ]. Willemse 

et al. modeled a co-continuous morphology as densely packed 

elongated particles [ 68 ]. The lower limit of the volume fraction for 

co-continuity ( φd ,cc ) is expressed as: 

1 

φd ,cc 

= 1 . 38 + 0 . 0213

�
ηm 

γ

σ
R0 

�4 . 2 

(12) 

where ηm 

is the viscosity of the matrix and R0 is the equivalent 

sphere radius of the minor component. The equation suggested 

that the co-continuity is achievable at low-volume fractions when 
ηm γ

σ and R0 parameters are sufficiently high. Increasing matrix vis- 

cosity stabilizes the filaments of the minor phase, enabling co- 

continuity at lower volume fractions. 

In immiscible polymer blends with constant dispersed-phase 

viscosity, the onset of co-continuity is influenced by the viscosity 

of the matrix. For example, in PE/PS traditional blend, in series A 

with higher matrix viscosity, co-continuity occurs at 27 vol % PS, 

while in series B with lower matrix viscosity, co-continuity does 

not start until 56 vol % PS ( Fig. 13 ). 

In another study, they showed that increasing interfacial ten- 

sion shifts the critical composition for the onset of co-continuity to 

higher concentrations, thereby narrowing the composition range. 

This effect arises from two counteracting factors: the stability of 

the co-continuous morphology and the phase dimensions, with 

stability playing a more significant role [ 68 ]. 

One application of co-continuous morphology is the production 

of porous structures from polymer blends for membrane and other 

applications. Sarazin et al. developed porous PLLA scaffolds from 

co-continuous bioplastic blends of PLLA and PCL using melt pro- 

cessing [ 93 ]. By controlling blend composition and annealing con- 

ditions, a wide range of co-continuous phase sizes was achieved 

( Fig. 14 ). Extracting the PCL phase resulted in fully interconnected 

porous PLLA, exhibiting high mechanical integrity. These scaffolds 

8



R. Shorey, E. Esmizadeh and T.H. Mekonnen Progress in Polymer Science 173 (2026) 102064

Fig. 11. Droplet breakup mechanisms in polymer melt. 

Table 2 

Empirical mixing rules for predicting material properties [ 86 ]. 

Property Equation Equation number Ref. 

Density (blend) ρblend =
� 

i 

wi ρi (12) [ 84 , 85 ] 

Viscosity (blend) ηn 
blend 

= φA η
n 
A 

+ (1 − φA ) η
n 
B (13) [ 86 ] 

Viscosity (blend) ηblend = φ2 
A ηA + (1 − φA ) 

2 ηB + 2φA (1 − φA )ηAB (14) [ 87 ] 

Viscosity 

(immiscible polymer blends) log η = log ηL + � log ηE (15) [ 88 ] 

log ηL = − log (1 + β[φA (1 − φA ) ] 
1 
2 ) − log ( φA 

ηA 
+ 1 −φA 

ηB 
) (16) [ 88 ] 

� log ηE = ηmax [1 − (φ−φI ) 
2 

φ(1 −φI ) 
2 + φ2 

I 
(1 −φ) 

] (17) [ 88 ] 

Melt flow index MF I = kπσPR4 

8 ηL 
(18) [ 89 ] 

Mw 
1 

MFI 
= GMw (19) [ 90 ] 

Fig. 12. Flow-induced coalescence in immiscible polymer blends. 

demonstrated the ability to absorb up to 80 % of their porosity 

with water and successfully incorporate significant amounts of a 

model drug, bovine serum albumin (BSA), showcasing their acces- 

sibility to aqueous solutions and potential for controlled drug re- 

lease. These findings highlight the suitability of this method for 

creating scaffolds f or tissue engineering and drug delivery appli- 

cations [ 93 ]. 

3.3. Effects of interf acial reactions and compatibilizers on morphology 

Polymer systems with reactive components exhibit profoundly 

different morphology evolution and stability compared to non- 

reactive systems. In non-reactive systems, compatibilizers are in- 

tended to migrate to the interface, reducing interfacial tension to 

facilitate droplet breakup and minimizing the probability of coa- 

lescence [ 94 ]. Blends with interfacial reactions, including grafting 

and transesterification, can create a compatibilizing copolymer or 

moiety during the melt blending process [ 14 , 95 , 96 ]. Since viscous 

polymers are usually diffusion-limited, in-situ grafting depends on 

dispersive mixing, (i.e., deformation and breakup), to increase the 

interfacial area available for the reaction to occur [ 97 ]. The reaction 

“kinetics” is a function of the chemical reaction kinematic rate and 

the extent of interfacial area generation [ 97 ]. In many systems, the 

reaction rates are fast, so grafting “kinetics” are dominated by the 

dispersive mixing process [ 98 ]. Phase inversion can generate high 
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Fig. 13. SEM of PE/PS blends. (a) contains 17 vol % PS, (b) contains 27 vol % PS, (c) contains 35 vol % PS, and (d) contains 46 vol % PS [ 92 ], Copyright 1998. Adapted with 

permission from Elsevier Science Ltd. 

Fig. 14. Effect of annealing on the morphology of the PLLA scaffold from blends (after extraction of the PCL phase) [ 93 ], Copyright 2004. Adapted with permission from 

Elsevier Science Ltd. 

interfacial areas efficiently, increasing the extent of the reaction. 

Grafting alters the melt viscosity, usually increasing it by retarding 

droplet rotation, which in turn influences morphology evolution. 

Both deformation and breakup in a flow field increase the in- 

terfacial area, increasing the effective rate of reaction [ 49 ]. For 

rapid interfacial reactions, such as the amine–anhydride reaction, 

the overall grafting rate is primarily governed by interfacial area 

( Fig. 15 ). In contrast, if the reaction is slow, the grafting rate is con- 

trolled by both reactivity and mixing ( Fig. 15 ) [ 99 ]. Slow systems 

are problematic in extrusion and compounding operations, making 

it essential to complete the grafting before the material exits the 

extruder. 

4. Compatibilization strategies for bioplastic blends 

Blending biopolymers offers a time-efficient and economical 

approach for developing novel materials with enhanced material 

properties, especially when compared to creating new polymers 

with new monomeric units and polymerization pathways [ 100 ]. 

The properties of biopolymer blends depend on the miscibility of 

their components, with strong interactions leading to homogeneity 

and weak interactions resulting in heterogeneous structures with 

agglomeration sites [ 101–107 ]. Like other polymeric blends, bio- 

plastic blends can be categorized into three types based on their 

miscibility – completely miscible blends (which exhibit nanoscale 

homogeneity), partially miscible blends (which display a fine phase 

morphology with homogeneous individual phases), and fully im- 

miscible blends (exhibit coarse morphology, poor interfacial adhe- 

sion, and sharp interfaces) [ 100 ]. They can also be classified ac- 

cording to the number of constituent polymers as binary, ternary, 

and quaternary blends, comprising two, three, and four different 

biopolymers, respectively. In literature, extensive work has been 

done on blending biopolymer and a few of the studies have been 

tabulated ( Table 3 ). 

However, the blends of bioplastics often exhibit inherent phase 

separations, coarse morphologies, and weak interfacial adhesion, 

leading to instability, poor tensile properties, and phase coarsen- 

ing [ 117 , 118 ]. Hence, to overcome these challenges, compatibiliza- 

tion strategies are employed to stabilize the microstructure and en- 

hance performance [ 119 ]. 

Hence, the utilization of compatibilizers results in a reduction 

of interfacial tension, enhancement of interfacial adhesion between 
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Fig. 15. Droplet breakup with interfacial grafting. 

Table 3 

Other studies on blending biopolymers. 

Primary polymer Secondary/Ternary/ Quaternary polymer phase Material properties to enhance Ref. 

PLLA Starch (corn) Tensile strength, elongation at break [ 108 ] 

PLA PCL and PBS Interfacial nucleation of PLA droplets at the PCL/PBS interface [ 109 ] 

PHBV TPS (Starch (corn), acetyl tributyl citrate) Tensile strength, interfacial adhesion [ 110 ] 

PLA modified by PEO Polyamide-11 (PA-11) and Poly (ether-b-amide) (PEBA) Impact toughness [ 111 ] 

PLA NR Impact strength [ 112 ] 

PLA PBAT and MWCNT Electrical conductivity [ 113 ] 

PCL TPS (corn starch, glycerol) Viscoelastic properties [ 108 ] 

PLLA NR Tensile and impact strength [ 114 ] 

PLA PHBV Elongation at break, tensile strength [ 115 ] 

PLA PHB Mechanical properties, biodegradability [ 116 ] 

the different phases, and stabilization of the blend’s morphol- 

ogy (i.e., reduce coarsening), transforming heterogeneous blends 

into stable formulations with synergistic properties [ 94 , 118 , 120–

127 ]. Strategies for compatibilization include non-reactive compat- 

ibilization, which enhances physical interactions, reactive compati- 

bilization, which promotes chemical reactions at the interface; and 

nanofiller-induced compatibilization, which uses nanoscale fillers 

to bridge phases [ 118 ]. The extent of stabilization and achieve- 

ment of long term compatibility depend on processing conditions, 

polymer fraction properties, employed compatibilization strategy, 

and the specific interactions between the formulation components 

[ 128–130 ]. Reactive compatibilization is generally more effective 

than additive methods because it forms stronger interfacial bonds 

[ 131 ]. 

4.1. Non-reactive compatibilization via block- and graft-copolymers 

In non-reactive compatibilization, a third polymeric fraction is 

incorporated into the immiscible polymer blend. The mechanism 

of this compatibilization depends on the chemical functionality of 

the third, compatibilizing polymeric fraction, which needs to have 

some similarity to the original constituent polymers of the im- 

miscible blend [ 29 , 118 ]. The third polymer fraction should interact 

with the constituent fractions. As illustrated in Fig. 16 , the compat- 

ibilizer should migrate to the interface between the original con- 

stituents and reduce interfacial tension. This, in turn, minimizes 

the coalescence of the dispersed phase, hence stabilizing the mor- 

phology ( Fig. 16 ) [ 114 , 118 , 133 ]. 

The property changes achieved by compatibilization should be 

pertinent to the application of the compatibilized blend [ 118 ]. As 

illustrated in Fig. 17 , in a work by Rosli et al., the effect of the ad- 

dition of A. angustifolia cellulose on the material properties of com- 

patibilized PLA-NR blends was studied [ 114 ]. The biodegradability 

of the cellulose-added specimens increased proportionally with the 

amount of cellulose added to the compatibilized blend ( Fig. 17d ). 

However, the 7.5 wt % and 10 wt % cellulose-added specimens ex- 

hibited instances of fiber pull-out, attributed to weak interfacial 

adhesion, as illustrated in Fig. 17b –c . In another work, the compat- 

ibilization effect of PLA-g-TPU fraction on PLA/TPU blend was stud- 

ied [ 134 ]. It was apparent from SEM micrographs ( Fig. 18a ) that the 

addition of the grafted copolymer enhanced the phase compatibil- 

ity of the PLA/TPU blend. Further, the improved tensile strength 

and elongation at break exhibited by PGU-constituting specimens 

signified an enhanced interfacial adhesion between PLA and TPU 

fractions ( Fig. 18b –c ). 

Overall, block and graft copolymers are still widely accepted 

as one of the most effective compatibilizers of immiscible poly- 

mer blends. The ability of a block copolymer to adsorb at and 

stabilize the interface of a polymer blend against coalescence pri- 

marily depends on its molecular weight, the ratio of its con- 

stituent blocks, the structure, viscoelastic properties, and molec- 

ular weights of the blend components [ 135 ]. In most cases, low- 

molecular-weight block-polymer compatibilizers are more likely 

to migrate to the interface, while high-molecular-weight block- 

polymers are generally more effective at preventing coalescence. 

However, low-molecular-weight polymers are typically more solu- 
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Fig. 16. Compatibilization of a polymer blend with graft and block copolymers [ 132 ], Copyright 2019. Adapted with permission from Elsevier Science Ltd. 

Fig. 17. SEM micrographs (impact fracture surface), (a) baseline (compatibilized PLA-NR blend), (b) cellulose added blend (7.5 wt %), (c) cellulose added blend (10 wt %), and 

(d) Percent weight loss of specimens (post burial) [ 114 ], Copyright 2019. Adapted with permission from Springer Nature. 

ble in the blend components, whereas high-molecular-weight poly- 

mers often form micelles, which can hinder their effectiveness as 

compatibilizers [ 135 , 136 ]. Some studies have shown that stability 

of block and graft copolymer compatibilized blends can be con- 

siderably affected by the molecular structures, which subsequently 

determines the microstructure morphology and compatibilization 

efficiency [ 137 , 138 ]. Thus, an optimization and balancing act is 

needed to achieve the best compatibilization impact. 

The employment of branched or comb copolymers as compat- 

ibilizers of polymers and biopolymers has also been studied and 

reported [ 139–141 ]. Prof. Yongjin Li’s group from Hangzhou Nor- 

mal University have a number of excellent contributions in this 

area. For instance, Dong et al. synthesized reactive linear (RL) 

and reactive comb (RC) co-polymers by copolymerizing methyl 

methacrylate (MMA) with glycidyl methacrylate (GMA) and a type 

of MMA macromer ( Fig. 19 ), which were then used as compatibi- 
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Fig. 18. (a) SEM micrographs (cryo-fractured surface). (1) PLA, (2) PLA/TPU20, (3) PLA/TPU/PGU2, (4) PLA/TPU/PGU4, (5) PLA/TPU/PGU6, (6) PLA/TPU/PGU8, 

(7) PLA/TPU/PGU10. Tensile properties of the blends. (b) stress-strain curves, and (c) Tensile strength, Elongation at break, and impact strength of the blends [ 134 ], Copyright 

2020. Adapted with permission from Springer Nature. 

Fig. 19. Synthesis of reactive comb (RC) and reactive Linear (RL) Polymers [ 142 ], Copyright 2015. Adapted with permission from American Chemical Society. 

lizers in an immiscible poly (L-lactic acid)/poly(vinylidene fluoride) 

(PLLA/PVDF) system [ 132 ]. In comparison to their linear analogs, 

incorporating just 1 wt % of RC polymers with suitably long side 

chains markedly decreased the size and improved the uniformity 

of the PVDF dispersed phase within the PLLA matrix ( Fig. 20 ). The 

RC-compatibilized blends also showed a notable increase in frac- 

ture strain, as illustrated in Fig. 20a –b . This enhanced compatibi- 

lization efficiency was attributed to the presence of PMMA side 

chains, which stabilized the RC polymers at the immiscible blend 

interface, a finding supported by transmission electron microscopy 

analysis. 

As noted from the TEM microstructure images of the blends 

( Fig. 20c –F ), the size and size distribution of the PVDF particles 

(dark particles) decreased with the addition of the RL and RC 
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Fig. 20. Stress–strain curves of PLLA/PVDF blends compatibilized by (a) RL, (b) RC polymers. TEM images (c) PLLA/PVDF/L-0–1–9 (50/50/3), (d) PLLA/PVDF/C-1–1–8(S-2400) 

(50/50/3), (e) PLLA/PVDF/L-0–1–9 (50/50/5), and (f) PLLA/PVDF/C-1–1–8(S-2400) (50/50/5) [ 142 ], Copyright 2015. Adapted with permission from American Chemical Society. 

copolymer compatibilizers. It was apparent that the particles were 

more uniformly distributed with the use of RC compatibilizer com- 

pared to RL. In addition, the PVDF phase was deformed into an 

ellipsoid, likely attributed to the ratio of the shear stress and the 

interfacial tension, The study further shows that the stability of the 

compatiblizers at the interface was determined by the balance of 

the reactivity of the epoxide groups with the PLLA phase and the 

miscibility of the polymethyl methacrylate (PMMA) (as shown in 

Fig. 19 ) with the PVDF phase; otherwise, they were likely to es- 

cape from the interface. Thus, the better performance of the RC 

polymers on compatibilization was mainly due to their better in- 

terfacial stability, described by the capillary number (Ca) shown in 

Eq. (8) . 

Stress–strain results ( Fig. 20a –b ) from mechanical property tests 

show that the uncompatibilized blend of the ductile PVDF and brit- 

tle PLLA results in the specimen fracturing at a strain value of only 

5.9 %. On the contrary, the incorporation of the RL or RC compatibi- 

lizing co-polymers led to remarkable enhancement in the ductility 

of the PLLA/PVDF blends. With similar wt % incorporation of the 

RL and RC into the blend, the fracture strain of the blends com- 

patibilized by RC was at least three times higher than that by RL, 

with variations in strain hardening. This variation can be explained 

by the existence of side chains that counterbalance some of the 

weakening interaction between the PMMA backbone and the PVDF 

phase. 

In a separate study, Dong et al. investigated the use of a reac- 

tive comb compatibilizer for an immiscible blend of poly(l-lactic 

acid)/acrylonitrile-butadiene-styrene) system (PLLA/ABS) [ 143 ] . 

Results of the study showed that the use of RC co-polymer com- 

patibilizers caused a notable improvement in the interfacial ad- 

hesion between the two phases. The strong interfacial adhesion 

and asymmetric thermal shrinkage were crucial for toughening 

rigid/rigid polymer blends. Similar to other block and branched 

compatibilizers, the efficiency of comb polymers as compatibiliz- 

ers is also dependent on the molecular structures, such as length 

of side chains, and presence of reactive groups. Overall, compared 

to linear co-polymers, branched comb polymers are superior in en- 

hancing the compatibilization efficiency ascribed to their superior 

interfacial adhesion property [ 143 , 144 ]. 

4.2. Reactive compatibilization 

In reactive compatibilization, a third fraction is formed (in-situ) 

during the melt blending of biopolymer fractions. The copolymer 

is synthesized at the interface of immiscible phases and acts as a 

compatibilizer. This method involves the formation of covalent or 

ionic bonds between the immiscible phases, thus enhancing inter- 

facial adhesion[ 118 ]. 

One of the primary advantages of in situ compatibilizer syn- 

thesis is that it eliminates the problems associated with the trans- 

port of compatibilizers (pre-prepared) to the interface of immis- 

cible polymers. The selection of biopolymer fractions, composi- 

tion of blend, reactive agents, and processing conditions dictate 

the success of reactive compatibilization. The selected functionali- 

ties should react fast during mixing, thus minimizing mass transfer 

constraints [ 118 , 145 ]. The processing conditions (residence time, 

shear rate, and temperature) should balance reaction rates, mini- 

mize degradation, and promote homogeneity [ 146 , 147 ]. 

For a system of immiscible biopolymers with appropriate reac- 

tive agents and optimized processing conditions, the in situ block 

or grafted copolymers could enhance interfacial adhesion, mechan- 

ical properties, and improve the morphology of the blends. It is 

worth noting that biopolymers can be sensitive to temperature or 

other process variables, hence, the process variables should be op- 

timized for each respective system [ 118 , 119 , 147 , 148 ]. 

In a study by Carrillo et al., the in situ compatibilization of 

block terpolymer of PHBV, PLA, and PBAT was carried out [ 146 ]. 

The reaction mechanism for the in situ compatibilization has been 

outlined in Fig. 21 . The effect of low-functionality epoxy-based 

styrene–acrylic oligomer (ESAO) as a compatibilizer on the mate- 

rial properties of the immiscible blend was studied. As is apparent 

from Fig. 21 , the addition of ESAO to the terpolymer resulted in 

a ductile specimen, ideal for application in flexible packaging ma- 

terials. However, the remainder of the specimens exhibited brittle 

behavior ( Fig. 21 ). 

Guan et al. studied the in situ compatibilization of PLA/PBAT 

blends utilizing an epoxy copolymer (MDO1 G3 ) via reactive com- 

patibilization [ 149 ]. The immiscible blend of PLA/PBAT demon- 

strated large PBAT domains, with an average particle size of 

3.7 μm ( Fig. 22a1-a3 ). The specimens consisting of compatibilizer 

(MDO1 G3 ) had smaller PBAT domains, with sizes of 2.6 μm (0.25 

wt %) and 1.6 μm (0.5 wt %), respectively. Furthermore, the com- 

patibilized blends accounted for the higher storage modulus (G� ) 
and loss modulus (G� � ) values, stemming from the formation of an 

internal elastic network. Also, the higher complex viscosity values 

recorded for the compatibilized polymers could be attributed to 

the grafted structure inhibiting the molecular chains from untan- 

gling, as presented in Fig. 22g 

A groundbreaking advancement in reactive compatibilization is 

dynamic compatibilization, which has been successfully applied 

to hybrid bioplastics and blends of bio-based and petrochemical- 

based plastics. The challenge with mixed plastics lies in their in- 

compatibility during recycling processes, which underscores the 

need for innovative compatibilization methods [ 150 ]. 

Cai et al. introduced a method using pre-crosslinked PBAT, pre- 

pared by mixing PBAT with initiator BIBP and cross-linker TAIC, 
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Fig. 21. (a) Reaction mechanism for in situ synthesis of block terpolymer of PHBV, PLA, and PBAT and (b) Stress-strain curves of the blends [ 146 ], Copyright 2019. Adapted 

with permission from Springer Nature. 

to enhance PLA/PBAT blend [ 141 ]. PBAT is a promising toughen- 

ing agent for addressing the brittleness of PLA, which limits its ap- 

plications. However, poor compatibility between PLA and PBAT of- 

ten leads to phase separation at higher PBAT contents, diminishing 

the toughening effect. Morphological analyses ( Fig. 23 ) reveal that 

TAIC improves compatibility by reducing PBAT domain size, blur- 

ring interfaces, and transitioning PBAT from spherical to irregular 

and striped phases. The crosslinked PBAT effectively absorbs im- 

pact energy, but excessive TAIC ( > 0.3 %) leads to over-crosslinking, 

reducing elasticity, and impairing impact strength due to poor dis- 

persion. By optimizing TAIC levels, the blend achieves better en- 

ergy transfer and improved toughness, overcoming the limitations 

of conventional PLA/PBAT blends [ 151 ]. 

In 2023, Clarke et al. introduced a novel strategy to improve the 

compatibility of immiscible mixed plastic waste, enabling its reuse 

[ 152 ]. They advanced the concept of universal static crosslinkers 

(USCs) by designing universal dynamic crosslinkers (UDCs), which 

convert plastic mixtures into recyclable thermosetting materials. 

Unlike USCs, UDCs form graft multiblock copolymers (gMBCPs), 

which enhance compatibility by reducing interfacial tension and 

bridging non-miscible polymers. The approach was successfully ap- 

plied to hybrid bioplastics such as PLLA/PE and P3HB/PE, where 

UDCs improved surface homogeneity, eliminated phase separation 

( Fig. 24 ), and enhanced mechanical properties like strength and 

toughness due to strong interfacial adhesion [ 152 ]. 

4.3. Solid particle-induced compatibilization 

Another compatibilization strategy involves the use of solid par- 

ticles (e.g., microparticle and nanoparticle fillers) in the compat- 

ibilization of immiscible biopolymer blends. In particle-induced 

compatibilization, micro-and nanoparticles can be selectively intro- 

duced in the blend, either in one blend component fraction or at 

the interface of the blend components. This preferential dispersion 

of the solid particle could significantly improve the viscoelastic and 

mechanical properties of the blends, thus aiding in homogenizing 

the morphology. Due to the effectiveness, cost efficacy, and sim- 

plicity of this compatibilization route, it has garnered significant 

interest in compatibilizing immiscible blends [ 118 , 153 , 154 ]. 

As illustrated in Fig. 25 , the localization of nanofiller solid par- 

ticles inside the blend impacts the material properties. The pref- 

erential dispersion of nanofillers at the interface between the im- 

miscible polymer fractions results in a homogeneous morphology 

where the phase stays separated due to physical jamming and/or 

steric hindrance. There exist coupling interactions between the im- 

miscible fractions, due to the high surface area of the nanofillers 

[ 118 , 156 ]. Moreover, the selective incorporation of nanofillers in 

one phase results in the nanofillers retarding the relation dynamics 

and hence preserving the morphology [ 118 , 157–159 ]. 

Nanofillers used for blend stabilization can be categorized 

based on their geometries: 1-dimensional (graphene nanoplatelets, 

layered silicates), 2-dimensional (carbon nanotubes), and 3- 

dimensional (carbon black, metal oxides). The phase morphology 

of the immiscible blends could be optimized by preferential local- 

ization of nanofillers, optimization of filler types, and processing 

conditions [ 117 , 118 ]. In addition to such stabilization, the use of 

nanofillers could improve gas barrier, flame retardancy, heat resis- 

tance, UV barrier properties, morphology, and mechanical proper- 

ties [ 153 , 158 ]. 
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Fig. 22. SEM micrographs of the PLA/PBAT (70/30) blends without and with compatibilizers. (a1, a2) pristine blend, (b1, b2) 0.25 wt % MDO1G3, (c1, c2) 0.5 wt % MDO1G3, 

(d1, d2) 1 wt % MDO1G3, (a3-d3) particle size distribution curves, Properties of PLA/PBAT/MDO1 G3 blends. (e) Storage modulus, (f) loss modulus, (g) complex viscosity, and 

(h) cole-cole curves of the [ 149 ], Copyright 2024. Adapted with permission from Elsevier Science Ltd. 

In a study by Zembouai et al., the effect of the addition of fillers 

Sepiolite (SP) and Cloisite 30B (C30B) on the PHBV/PLA blend mor- 

phology and material properties was explored [ 160 ]. To investigate 

the effect of nanofiller dispersion on the viscoelastic properties of 

the blends, a frequency sweep analysis was undertaken. As illus- 

trated in Fig. 26 , the complex viscosity and storage modulus values 

of the filled blends were higher than the baseline PHBV/PLA sam- 

ples. This was attributed to the strong polymer-filler interactions 

and their homogeneous dispersion in the matrix. Furthermore, the 

SEM micrographs confirmed viscoelastic observations. As is appar- 

ent from Fig. 26a , the PHBV/PLA blend exhibited biphasic morphol- 

ogy and poor interfacial adhesion. However, the blends consisting 
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Fig. 23. SEM micrographs. (a) PLA/PBAT, (b) PLA/PBAT-0.1, (c) PLA/PBAT-0.3, (d) PLA/PBAT-0.5, (e) PLA/PBAT-1.0. TEM micrographs. (a) PLA/PBAT, (b) PLA/PBAT-0.3, and (c) 

PLA/PBAT-1.0 with a constant content of 30 wt % PBAT [ 151 ], Copyright 2023. Adapted with permission from Elsevier Science Ltd. 

Fig. 24. Dynamic compatibilization of PLLA/LDPE with UDC [ 152 ], Copyright 2023. Adapted with permission from Nature. 

of both C30B and SP demonstrated homogeneous morphology, as 

evidenced from Fig. 26d –e . Other studies on compatibilization of 

immiscible polymeric blends have been tabulated ( Table 4 ). 

The use of Janus colloidal nanoparticles, with heterogenous sur- 

face composition, formed in situ at polymer–polymer interface of 

immiscible polymers blends can also provide potent compatibiliza- 

tion benefits [ 170–172 ]. This is because Janus nanoparticles can 

offer an inherent Pickering effect with amphipathy, which allows 

them to be lodged exclusively at the polymer-polymer interface 

[ 173 ]. The Janus nanoparticles can be formed in situ or be pre- 

fabricated. An example of in situ formed Janus nanoparticles as 

compatibilizers of polymer blends is reported in the work of Wang 

et al. [ 170 ]. In this work, the researchers grafted PLLA chains onto 

P((S-co-GMA)-g-MMA) during melt mixing that led to the forma- 

tion of several Janus nanoparticles with a shell structure consisting 

of PLLA and PMMA hemispheres (as shown in Fig. 27 ). These Janus 

nanoparticles migrate to the PLLA/PVDF interface, and acted as ef- 

fective compatibilizers for the immiscible PLLA/PVDF blends. As a 

result, remarkable improvement in ductility of the Janus nanopar- 

ticle compatibilized blend was observed after 10 min of melt mix- 

ing, with an elongation at break reaching 320 %. In comparison, 

the blend without the Janus nanoparticle exhibited only 5 %, and 

the sample mixed for just 0.5 min achieves 8 %. This notable 

enhancement in mechanical properties suggests that the interfa- 

cial Janus nanoparticles effectively compatibilized the PVDF/PLLA 

blend. However, when the mixing duration is extended to 15 min, 
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Fig. 25. Main strategies of filler-induced compatibilization by preferential dispersion of filler in one of the two polymer phases, and at the interface of the phases [ 155 ], 

Copyright 2020. Adapted with permission from Elsevier Science Ltd. 

Fig. 26. SEM micrographs. (a) PHBV/PLA, (b) PHBV/PLA/3C30B, (c) PHBV/PLA/3SP, (d) PHBV/PLA/1.5SP/1.5C30B and (e) PHBV/PLA/2.5SP/2.5C30B. Frequency sweep data. (f) 

complex viscosity vs frequency, and (g) storage modulus vs frequency [ 160 ], Copyright 2018. Adapted with permission from Elsevier Science Ltd. 

Table 4 

Other studies on compatibilization of biopolymer blends. 

Polymer 

Second 

polymer phase Type of compatibilization Compatibilizer Material properties to enhance Ref. 

Starch Zein protein Non-reactive compatibilization 1–butyl–3-methyl imidazolium 

chloride ([BMIM]Cl) ionic liquid 

Mechanical and viscosity properties [ 161 ] 

PLA NR Reactive compatibilization Modified NR Tensile strength and toughness [ 162 ] 

PHBV PBAT, PLA Reactive compatibilization ESAO (Epoxy-based styrene-acrylic 

oligomer) 

Barrier and mechanical properties [ 146 ] 

PLA PBAT Non-reactive compatibilization PLA-PBAT-PLA triblock copolymer Mechanical properties and thermal 

properties 

[ 163 ] 

PLLA PBS Reactive compatibilization PLLA-block-poly(glycidyl 

methacrylate)(PLLA-b-PGMA) 

Tensile strength, toughness, and 

viscoelastic properties 

[ 164 ] 

Starch PBS Non-reactive compatibilization Starch- g -PBS Interfacial adhesion [ 165 ] 

PLA Novatein Reactive compatibilization PLA-g-itaconic anhydride Morphology of PLA and foamability [ 166 ] 

PLA PBAT Filler-induced compatibilization Carbon nanotubes (CNTs) Conductivity (electrical) and impact 

strength 

[ 167 ] 

PLA Starch Non-reactive compatibilization PLA-g-starch Tensile properties and morphology [ 168 ] 

PLA ENR Reactive compatibilization ENR-g-MA graft copolymer Thermal stability and impact strength [ 169 ] 
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Fig. 27. Proposed Formation of in Situ Formed JNMs for Compatibilizers in Immiscible Polymer Blends [ 170 ], Copyright 2015. Adapted with permission from American 

Physical Society. 

the elongation at break decreases to approximately 140 %. This re- 

duction is attributed to the migration of most nano micelles into 

the PLLA phase, resulting in fewer Janus nanoparticles remaining at 

the interface to promote compatibilization between the two poly- 

mer phases. 

Some studies show that the compatibilizing performance of the 

Janus particles for immiscible blends can be considerably superior 

to other compatibilizers, such as linear block copolymers[ 135 , 174 ]. 

This is because the Janus particles are located at the interface, even 

at high temperature and shear, due to their high adsorption energy 

associated with enthalpic energy [ 135 ]. Nevertheless, it is impor- 

tant to note that the fabrication of Janus nanoparticles is still at a 

lab scale and prohibitively expensive. In addition, for their effective 

use as a compatibilizer, a relatively large concentration (usually > 

8 wt %) needs to be used. Furthermore, intense polymer melt com- 

pounding processes that entails high shear, temperature, or ultra- 

sound, or supercritical conditions are needed to anchor the Janus 

nanoparticles at the interface of the immiscible polymer blends to 

obtain the intended benefits. 

5. Environmental impacts of bioplastic blends 

Bioplastics are often regarded as environmentally friendly alter- 

natives to conventional plastics due to their potential to reduce 

plastic pollution and dependency on fossil fuels [ 107 ]. These ma- 

terials are typically derived from renewable resources and are in- 

tended to have lower carbon footprints throughout their entire 

lifecycle. However, the overall environmental impact of bioplastics 

is complex and influenced by two critical factors, degradation and 

recyclability [ 14 , 175 ]. Addressing these challenges is essential for 

bioplastics to serve as a genuine solution to the global issue of 

plastic pollution. 

5.1. Degradability 

Bioplastics and their blends are increasingly being used in nu- 

merous commodity and engineering applications [ 176 ]. At the end 

of their life cycle, these materials should ideally be recycled or dis- 

integrate either in the natural environment or within composting 

facilities. While the degradability of individual bioplastics has been 

widely studied, degradable bioplastics can be categorized into four 

main types: 

(i) Photodegradable bioplastics: Contain light-sensitive groups in 

their backbone that degrade under ultraviolet radiation, which 

enables subsequent bacterial degradation [ 177 ]. 

(ii) Bio-based bioplastics: Made entirely from renewable agricul- 

tural and forestry resources, such as corn starch, soybean pro- 

tein, and cellulose, with minimal or no chemical modifications 

[ 178 ]. Such bioplastics are mostly biodegradable in the natural 

environment. 

(iii) Compostable bioplastics: These bioplastics, e.g., PLA, PBAT, de- 

compose at the same rate as other compostable materials 

in specific environments without leaving harmful residues, 

meeting standards for biodegradability, disintegration, and eco- 

toxicity [ 179 ]. 

(iv) Biodegradable bioplastics: These bioplastics, such as PHA and 

PEG, are fully degradable by microorganisms into biogases and 

biomass, primarily carbon dioxide and water, without leaving 

any toxic residues and supporting sustainability [ 180 ]. 

Biodegradation occurs through two distinct mechanisms de- 

pending on the bioplastic’s structure and environment. The first, 

hydro-biodegradation, involves abiotic or biotic hydrolysis fol- 

lowed by bioassimilation, common in hetero-chain bioplastics 

like cellulose, starch, PLA, and PHA [ 181 , 182 ]. This process can 

be accelerated by photooxidation, making these bioplastics suit- 

able for applications like cosmetic and hygiene products but less 

ideal for agricultural or packaging films [ 182 ]. The second, oxo- 

biodegradation, involves peroxidation followed by bioassimilation 

of low-molecular-weight products, primarily in carbon-chain poly- 

mers. Antioxidants regulate peroxidation to maintain mechanical 

properties for extended periods, with degradation triggered by en- 

vironmental factors like light or heat. The rate of overall degrada- 

tion is determined by the slower peroxidation step, as bioassimi- 

lation occurs rapidly once oxidation products form [ 183 ]. In case 

of bioplastic blends, hydro-biodegradable pathway would generally 

be the dominant, at a rate faster than oxo-biodegradation [ 184 ]. 

Reliable real-world predictions should be based on laboratory stan- 

dards and field trials [ 185 , 186 ]. 

As plastic waste pollution poses a significant global environ- 

mental challenge, biodegradable plastics have emerged as a po- 

tential solution. As noted, these plastics are often blended to en- 

hance their functional properties for commercial applications, yet 

there has been a lack of studies on their environmental fate and 

degradation behavior [ 118 ]. The degradation rates of bioplastic 

blends are greatly influenced by the choice of constituent poly- 

mers, processing conditions, compatibilizers, additives, and sur- 

rounding conditions [ 187 ]. The presence of amorphous regions in 

a blend favors enzymatic degradation, as the amorphous region 

molecules are less densely packed compared to their crystalline 

counterparts. Thus, additives known to enhance the crystallinity of 

the blends could render the formulations less prone to degradation 

[ 188 ]. Further, the addition of plasticizers in formulations could re- 

sult in reduced degradation, primarily, due to plasticizer moieties 

forming a protective layer around the polymer chains [ 189 , 190 ]. 

Narancic et al. investigated the biodegradability of some major bio- 

plastics in the market and their blends to better understand their 

environmental fate [ 191 ]. They demonstrated that blending non- 

home compostable PLA with home compostable PCL (80:20) pro- 

duced home compostable material with uniformly dispersed spher- 

ical PCL droplets in the continuous PLA matrix ( Fig. 28 ). In contrast, 

19



R. Shorey, E. Esmizadeh and T.H. Mekonnen Progress in Polymer Science 173 (2026) 102064

Fig. 28. SEM micrograph of the fracture surfaces of neat biodegradable polymers (PLA, PCL, and PHB), the home compostable PLA−PCL (80/20) blend, and the non-home 

compostable PLA−PHB (80/20) blend [ 191 ], Copyright 2018. Adapted with permission from American Physical Society. 

Table 5 

Biodegradation performance of bioplastics and their blends in managed and unmanaged environments [ 191 ]. 

Managed environment Unmanaged environments 

Bioplastics Industrial composting Anaerobic digestion Home composting Marine Fresh water Anaerobic aq. digestion Soil 

PLA-PCL (80/20) Pass Pass Pass Fail Fail Fail Fail 

PLA-PBS (80/20) Pass Fail Fail Fail Fail Fail Fail 

PLA-PHB (80/20) Pass Pass Fail Fail Fail Fail Fail 

PLA-PHO (85/15) Pass Pass Fail Fail Fail Fail Fail 

PHB-PHO (85/15) Pass Pass Pass Fail Fail Pass Pass 

PHB-PCL (60/40) Pass Pass Pass Fail Fail Fail Pass 

PHB-PBS (50/50) Pass Fail Pass Fail Fail Fail Fail 

PCL-PHO (85/15) Pass Pass Pass Fail Fail Fail Fail 

PCL-TPS (70/30) Pass Pass Pass Fail Fail Fail Pass 

PLA Pass Pass Fail Fail Fail Fail Fail 

PCL Pass Pass Pass Fail Fail Fail Pass 

PBS Pass Fail Fail Fail Fail Fail Fail 

PHO Pass Fail Fail Fail Fail Fail Fail 

PHB Pass Pass Pass Pass Pass Pass Pass 

TPS Pass Pass Pass Pass Pass Pass Pass 

the PLA−PHB (80:20) blend lacked distinct morphological struc- 

tures and failed to achieve home compostability, highlighting the 

importance of blend morphology in biodegradability [ 191 ]. 

Table 5 summarized the biodegradation performance of bioplas- 

tics and their blends across three managed environments (Con- 

trolled Industrial Composting Conditions [ISO 14,855], High-Solids 

Anaerobic Digestion [AD; ISO 15,985], and Controlled Composting 

at Ambient Temperature [ISO 14,855 at 28 °C] or Home Com- 

posting) and four unmanaged environments (Soil [ISO 17,556], Ma- 

rine [ASTM D6691], Freshwater [ISO 14,851], and Anaerobic Aque- 

ous Digestion [ISO 14,853]). The results in the table highlight the 

challenges in assessing the biodegradability of bioplastic blends, as 

these blended forms are the most likely configurations to appear 

in the marketplace [ 191 ]. 

In a study by Palai et al., TPS and poly(butylene succinate- 

co-adipate) (PBSA) incorporating PLA films were extrusion blown 

and their biodegradation behavior in soil was studied [ 192 ]. 

The extrusion-blown film specimens of neat PLA, PLA/PBSA, and 

PLA/TPS underwent soil burial for 90 days. As apparent from 

Fig. 29a , the PLA/TPS film accounted for the highest rate of degra- 

dation (40.6 %). This degradation (biotic and abiotic) was attributed 

to the hydrophilicity of TPS, which resulted in better soil water 

penetration into the film. This was followed by an 8.6 % weight 

loss by PLA/PBSA film and 5.8 % by virgin PLA film. These results 

were synchronous with SEM micrographs, as presented in Fig. 29c –

h . 

Literature reveals that further investigation into the degradabil- 

ity of bioplastic blends is needed due to their complexity [ 187 ]. 

More specifically, the impact of compatibilizers on the degrada- 

tion and overall environmental attributes of bioplastic blends re- 

quires further attention [ 119 ]. This knowledge can guide the design 

and applications of these materials to support sustainable end- 

of-life management and minimize environmental impact. For in- 

stance, prioritizing biodegradable plastics that degrade in diverse 

unmanaged environments may be beneficial for applications with 

higher environmental exposure, such as coastal packaging and ma- 

rine plastics. 

5.2. Recyclability 

Bioplastics can be considered the future of ‘green polymers’; 

therefore, their recycling makes it possible to retain the entire car- 

bon content and save primary resources. The low environmental 

impact of the bioplastics would be compromised if the recycling of 

industrial wastes cannot be achieved [ 176 ]. The recycling of bio- 

plastics and their composites can be accomplished through dif- 
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Fig. 29. (a) wt % loss of films, (b) Photographic evidence of films (pre and post 90-day burial. (c)-(h) SEM micrographs [ 192 ], Copyright 2021. Adapted with permission from 

Springer Nature. 

Fig. 30. Various pathways for biopolymer recycling. 

ferent pathways, namely, mechanical recycling, chemical recycling, 

and energy recovery ( Fig. 30 ). Due to its simplicity, mechanical re- 

cycling is the most favorable recycling technique under consider- 

ation for bioplastics . However, in some cases, the recycled poly- 

mer materials could exhibit inferior material properties to their 

unprocessed counterparts, which can be attributed to material de- 

terioration during the life cycle of the material, process induced 

molecular chain session, and the presence of potential impuri- 

ties [ 183 ]. Given the thermal sensitivity of biopolymers and their 

blends, the applicability of mechanical recycling should be evalu- 

ated on a case-to-case basis to ensure process efficiency and ma- 

terial integrity. 

Mechanical recycling is often simulated through multiple extru- 

sion cycles. In a study by Farias et al., a PLA/PHB (70/30 wt %) bio- 

plastic blend was mechanically recycled five times to assess its per- 

formance retention [ 193 ]. The dispersed PHB moieties in the PLA 

matrix exhibited immiscibility with partial interactions between 

the polymer phases. However, post recycling ( > thrice), the PHB 

moieties dispersed homogeneously in the PLA matrix, as illustrated 

in Fig. 31a –d , likely attributed to the significant reduction in vis- 

cosity through multiple recycling that helps with the moiety dis- 

persion. It was interesting to note that chain scission and degrada- 

tion of the blend components were not observed in Fourier trans- 

form infrared (FTIR) results, and unfortunately, the study did not 

conduct molecular weight analysis via gel permeation chromatog- 

raphy. On the other hand, higher crystallinity, lower cold crystal- 

lization temperature, and lower glass transition temperature (Tg) 

were observed for the reprocessed blend samples, which could be 

caused by the nucleating action of the finely dispersed PHB af- 

ter the reprocessing leading to higher crystallinity. Overall, the in- 

creased crystallinity during reprocessing counteracted the observed 

viscosity decrease, which helped maintain the tensile properties 

and toughness of the recycled blend. Thus, such sustainable blends 

can be recycled at least five times without substantial loss of their 

thermomechanical properties. 

Beyond bioplastic blends, the recycling of hybrid bioplastic 

blends, combination of bio-based and petro-based plastics, is 

equally essential. Hybrid bioplastics are designed to enhance the 

material properties of bioplastics such as durability, flexibility, and 

cost-effectiveness [ 196–198 ]. However, their complex composition 

often poses significant challenges for recycling, such as the vary- 

ing degradation rates, melting points, and chemical interactions 

complicate separation and processing. In addition to intentional 

bioplastic – petrochemical derived plastic blends, the presence of 

biopolymers in existing post-consumer plastic recycling streams 

further underscores the importance of advancing recycling knowl- 

edge for bioplastic blends [ 176 ]. For instance, one significant chal- 

lenge in recycling of hybrids arises from PLA, widely used in 

packaging due to its biodegradable properties, which frequently 

contaminates PET recycling streams. PLA bottles, often indistin- 

guishable from PET bottles by consumers, inadvertently contami- 

nate PET recycling streams. PLA’s immiscibility with PET and its 
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Fig. 31. SEM micrographs of PHB/PLA specimens. (a) baseline, (b) recycled-1 time, (c) recycled-3 times, and (d) recycled-5 times [ 193 ]), Copyright 2022. Adapted with 

permission from John Wiley & Sons Inc. (e) Near-infrared reflectance spectra of PLA, PET, and 0.1 % PLA-contaminated PET [ 194 ], Copyright 2014. Adapted with permission 

from Elsevier Science Ltd. (f) Color change of PLA/PS hybrid bioplastic blend after multiple recycling [ 195 ], Copyright 2011. Adapted with permission from Springer Nature. 

lower melting point cause severe quality issues, such as rheo- 

logical disruptions and cloudiness in recycled PET, even at trace 

levels ( < 0.1 %). Shear viscosity measurements indicated that PLA 

reduces the viscosity of the system, with water intensifying hy- 

drolytic chain scission. Rheological analysis further demonstrated 

that even small amounts of PLA negatively impact PET’s processing 

performance in applications such as spinning and blow molding 

[ 199 ]. 

A study by Jubinville et al. evaluated the recycling of hy- 

brid blends composed of PLA and low concentrations of either 

polypropylene (PP) or low-density polyethylene (LDPE) that main- 

tained the total biopolymer content above 89 wt % [ 14 ]. The re- 

cycling (up to five times) was conducted via a melt compounding 

process to elucidate the impact of PP and LDPE on the flow and 

thermomechanical properties of the resulting recycled hybrid ma- 

terial. Results of the study demonstrated that the PLA hybrid with 

LDPE subjected to recycling underwent crosslinking, noted from an 

increase in melt viscosity and increase in the zero-shear viscosity 

ratio of the blended polymers. In contrast, the PP-containing PLA 

hybrid demonstrated reduced viscosity, likely attributed to temper- 

ature and shear mediated chain scission. As a result, the PLA/LDPE 

system retained thermomechanical properties as opposed to the 

PLA/PP system, which demonstrated property deterioration. 

Despite advanced sorting technologies, the complete elimi- 

nation of PLA contamination remains unachievable, jeopardizing 

product consistency. In-line near-infrared spectroscopy ( Fig. 31e ) 

has been shown to be a potential solution for real-time detec- 

tion of PLA contamination [ 194 ]. Hamad et al. investigated the im- 

pact of recycling on the rheological and mechanical properties of 

a PLA/PS hybrid bioplastic blend, finding that repeated processing 

reduces viscosity, degrades appearance ( Fig. 31f ) and mechanical 

properties. This is due to both the reduction in chain length and 

the increase in crystallinity, suggesting that PLA/PS waste is suit- 

able for reuse as an additive in further compounding processes 

[ 195 ]. 

Further, chemical recycling entails depolymerizing the biopoly- 

mers into smaller hydrocarbon molecules (monomers) and utiliz- 

ing the obtained units in an identical or another polymerization 

route [ 188 ]. Although it demonstrates various advantages over me- 

chanical recycling, chemical recycling is more cost-intensive and 

environmentally taxing [ 200 ]. 

Lastly, plastic waste management offers two primary energy re- 

covery options. Incineration, widely favored by local authorities, 

generates thermal energy by burning hydrocarbon or bioplastic 

polymers. This method of recycling is often considered an option 

of last resort due to the release of pollutants and often toxic chem- 

icals during incineration [ 188 , 200 , 201 ]. An alternative is conver- 

sion through pyrolysis or hydrogenation, which breaks down poly- 

mer waste into low-molecular-weight hydrocarbons used as fuel 

or feedstocks [ 183 ]. The recyclability of many bioplastic blends re- 

mains underexplored, posing challenges for their integration into 

conventional waste streams. Therefore, advancing knowledge on 
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Fig. 32. Basic ML workflow initiating from data collection to model selection from various available options and concluding to experimental validation of the predicted 

properties. 

these materials is essential to minimize their environmental im- 

pact and support a sustainable, circular economy. 

6. Use of AI methods in the modeling, design, and 

manufacturing of bioplastic blends 

In recent times, the extensive implementation of artificial in- 

telligence (AI) methods in various industries has been observed 

[ 202 ]. The rise in the utilization of AI in the prediction of mate- 

rial properties stems from the advancements in machine learning 

(ML) techniques and the availability of high-quality data for train- 

ing models. This has, in turn, enhanced the ability of models to 

predict material properties (thermal, mechanical, optical), design 

novel materials, and aid in material discovery [ 202–204 ]. While 

ML’s use in "materials informatics" to link material properties with 

chemical and physical structures is well-established, its applica- 

tion in "process informatics" to optimize production processes is 

still emerging in the polymer industry. Moreover, the integration of 

"polymer informatics" in conjunction with AI/ML methods is being 

regarded as a major advancement in the field [ 205 , 206 ]. To bridge 

the gap between material property prediction and real-time man- 

ufacturing optimization, the utilization of approaches like Physics- 

Informed Machine Learning (PIML) and Digital Twins is essential 

[ 207–209 ]. While PIML aids in embedding physical laws into AI 

models, Digital Twins create virtual replica of physical manufactur- 

ing processes. This amalgamation results in continuous monitoring 

and on-the-fly process condition adjustments. 

A basic ML workflow for accelerating the design of biopoly- 

mer blends has been outlined ( Fig. 32 ). The process initiates with 

data collection, where experimental, literature-mined, and compu- 

tationally derived data is collected and pre-processed (cleaning, 

standardization, and validation)[ 206 , 210 ]. Post selecting the appro- 

priate model, the selected model is trained on a subset of data and 

validated for accuracy on another unseen data set. Once trained 

and validated, the respective model can be employed as a powerful 

predictive tool, primarily aiding in reduction of resource-intensive 

initial experimentation. For instance, Takada et al. applied ran- 

dom forest regression, a decision tree-based machine learning al- 

gorithm, to optimize the impact strength of a PPS/elastomer blend 

[ 211 ]. 

In a work by Mulenga et al., the application of computational 

methods like the rule of hybrid mixture (RoHM), finite element 

analysis (FEA), and artificial neural networks (ANN) in modeling 

the tensile properties of natural fiber-reinforced composites was 

reviewed [ 212 ]. The significant complications associated with plas- 

tic composite systems were highlighted. As illustrated in Fig. 33 , an 

ANN model, with three input nodes and four output nodes, for the 

prediction of mechanical properties of a natural fiber-reinforced 

composite material has been presented. In this ANN model, the 

three input nodes process the data through two hidden layers (six 

nodes each) interconnected via neurons. Hence, the model outputs 

tensile strength, impact strength, flexural strength, and hardness. 

In a work by Gu et al., convolutional neural networks were em- 

ployed to design stiff and soft segments of bioinspired composites 

[ 213 ]. The design classified as best by the ML model was denoted 

as ML-opt and the lowest toughness design was designated ML- 

min. As illustrated in Fig. 34b , the strain field exhibited by ML- 

opt was more uniformly distributed in comparison to the lowest 

toughness (ML-min) specimen. Similar observations were recorded 

in Fig. 34c . Overall, it was inferred that the ML model was able to 

recognize the design patterns leading to specimens demonstrating 

low and high toughness. 

In the case of bioplastics and their blends and composites, the 

application of AI is even more nascent due to the added complex- 

ity of these materials, such as biodegradability and unique pro- 

cessing challenges [ 214 ]. Ebrahimzade et al. successfully monitored 
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Fig. 33. An ANN model for predicting mechanical properties of natural fiber-reinforced composites [ 212 ], Copyright 2021. Adapted with permission from Multidisciplinary 

Digital Publishing Institute. 

Fig. 34. a). Stress-strain curves, b) Strain field plots, c) Toughness and strength values [ 213 ], Copyright 2018. Adapted with permission from The Royal Society of Chemistry. 
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Fig. 35. Shrinkage . (a) PLA-TPU, (b) PLA-TPS . W arpage . (c) PLA-TPU, (d) PLA-TPS [ 219 ] , Copyright 2016. Adapted with permission from Elsevier Science Ltd. 

the kinetics of methane production during the anaerobic digestion 

(AD) of starch-based bioplastics using multi-layer perceptron arti- 

ficial neural network (MLP-ANN), addressing limitations of com- 

monly used First-order and Gompertz models in bioplastic fer- 

mentation modeling [ 215 ]. Ibarra-Perez et al. explored the appli- 

cation of ML techniques to predict the composition and mechan- 

ical properties of seaweed bioplastics using sparse data from sci- 

entific literature [ 216 ]. Chen et al. showcased AI and robotics’ po- 

tential in accelerating the discovery of biodegradable plastic sub- 

stitutes with programmable properties. An automated robot pre- 

pared 286 nanocomposite films to train a support-vector machine, 

followed by 14 active learning loops to produce 135 more samples 

and build an accurate ANN. The model predicts material properties 

and designs substitutes tailored to user needs. The substitutes ex- 

hibit comparable properties to petrochemical plastics, with added 

biodegradability and environmental benefits [ 217 ]. 

In another work, Wang et al. used AI to optimize PLLA/fiber 

PGA bioplastic composite’s crystallinity, enhancing performance by 

analyzing crystallization time, temperature, and PGA content with 

ML methods like ANN, as well as Adaptive Neuro-Fuzzy Infer- 

ence Systems (ANFIS) and Least-Squares Support Vector Regression 

(LSSVR) [ 218 ]. Moreover, Oliaei et al. discussed the integration of 

a feed-forward back-propagation ANN to optimize the processing 

and properties of PLA-TPS bioplastic blend and a hybrid bioplastic 

blend of PLA-TPU to minimize defects like warpage and shrinkage 

while improving quality and cost-efficiency. Using well-established 

software (Autodesk Moldflow®), the injection molding process was 

simulated, and an artificial neural network was developed for pat- 

tern recognition and optimization. This approach was conducted in 

parallel with and compared to the Taguchi Design of Experiments. 

Fig. 35 indicates the volumetric shrinkage behavior and deflection 

(warpage) of PLA-TPU and PLA-TPS in the same process conditions, 

with red regions indicating the highest defect. The results revealed 

that PLA-TPU demonstrated superior performance in minimizing 

defects, making it the most stable and efficient option [ 219 ]. 

Wang et al. employed six different AI classes to estimate the 

relative crystallinity of PLLA/PGA bioplastic blends, a crucial factor 

for enhancing mechanical performance and stability, as a function 

of crystallization time, temperature, and PGA content. The models 

include the multilayer perceptron neural network (MLPNN), recur- 

rent neural network (RNN), cascade feedforward neural network 

(CFFNN), adaptive neuro-fuzzy inference system with subtrac- 

tive clustering (ANFIS2), c-means clustering (ANFIS3) membership 

functions, and least-squares support vector regression (LSSVR). The 

results showed that CFFNN with one hidden layer and nine neu- 

rons provided the most accurate predictions [ 196 ]. 

In a work by Kuenneth et al., deep learning was employed 

to design and predict the properties of PHA-based bioplastics 

based on available experimental data for a diverse set of nearly 

23,0 0 0 homo- and copolymer chemistries. The model identified 

14 promising bioplastic blends that could replace common plas- 

tics used for packaging, bottles, and more ( Fig. 36 ). They also ex- 

plored possible ways to produce these bioplastics using microbes 

or chemical methods [ 220 ]. 

Undoubtedly, data-driven approaches have significantly reduced 

the reliance on trial-and-error experimentation, offering consider- 

able savings in both time and resources. Despite progress, chal- 

lenges remain in terms of scalability, cost reduction, and achiev- 

ing desired material properties [ 221 ]. In the context of bioplastics, 

while AI is revolutionizing material discovery, but numerous limi- 

tations need to be addressed. Accurate prediction of the properties 

of bioplastics or their blends requires training the ML model with 

high-quality datasets, an absence of which could result in unre- 

liable predictions. The unavailability of high-quality data in suffi- 

cient quantity is one of the most significant limitations encoun- 

tered by the polymer machine learning community [ 206 , 222–224 ]. 

Consequently, most of the data employed in material/polymer sci- 

ence is categorized as "small data" (comprising tens to hundreds of 

data points) [ 206 ]. Further, insufficient sample sizes and high fea- 

ture dimensions could result in model overfitting or underfitting 

[ 212 ]. 

This lack of reliable data can be addressed through in-house 

experimental data generation and literature-sourced data mining 

[ 206 , 224 ]. Additionally, utilization of robotic platforms for high- 

throughput experimentation can automate the data collection pro- 

cess, performing repetitive tasks and generating consistent, reli- 

able, and high precision data [ 224 , 225 ]. Moreover, the in-house 

generated data can be augmented by systematic data sourcing 
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Fig. 36. (a) Bio-replacements (PHA-only and PHA-conventional) for seven commodity plastics. (b) Property density profiles. (c–i) Property radar charts for each commodity 

plastic comparing experimental properties (triangles with solid lines) to predicted properties of bio-replacements PHA-only (circles with dashed lines) and PHA-conventional 

(diamonds with dotted lines) [ 220 ] , Copyright 2022. Adapted with permission from Nature. 

from various polymer databases such as PubChem, CROW, Khaz- 

ana, and PI1m [ 206 , 226–229 ]. 

Further, some predicted data could be difficult to interpret. To 

enhance the interpretability of AI predictions, the employment of 

transparent models like decision trees and random forests is rec- 

ommended. For more complex models like deep neural networks, 

the use of post-hoc techniques are essential for explaining predic- 

tions. SHAP (Shapley Additive exPlanations) can be used to ana- 

lyze the effect of each input feature on model’s output predictions. 

Moreover, the complex interplay between multiple variables can 

be visualized employing Partial Dependence Plots (PDPs) [ 230 , 231 ]. 

Additionally, potential biases in the models could undermine the 

reliability of the predictions, rendering them unsuitable for practi- 

cal application. These biases can be identified by scrutinizing data 

distributions and using interpretability tools like SHAP [ 230 ]. Mit- 

igation of potential biases in models can be ensured by data re- 

sampling, augmentation, and diverse data sourcing. Post mitiga- 

tion, the model could be validated employing Out-of-Distribution 

(OOD) testing, experimental synthesis and verification of the AI- 

predicted materials [ 232 ]. Addressing these limitations is essen- 

tial to fully harness the transformative potential of AI in bioplastic 

blend development. 

7. Concluding remarks 

This review has provided a comprehensive overview of poly- 

mer blends, a practical way for fabricating cost-effective and 

high-performance materials with tailored properties. By combining 

the unique material properties of constituent polymeric moieties, 

new materials exhibiting better mechanical and thermal proper- 

ties, minimal phase separation, and cost efficacy could be formu- 

lated. The thermodynamic interactions, process kinematics, mor- 

phology development, and compatibilization strategies for immis- 

cible polymer blends were discussed. Further, the challenges per- 

taining to biopolymer blends, including recycling methods, end- 

of-life biodegradability, and cost-effectiveness were addressed. The 

integration of artificial intelligence in various domains, including 

material science for computational material discovery and property 

prediction employing ANN was presented. 

By synergizing the principles of blend morphology, employing 

compatibilization techniques, addressing end-of-life management, 

and incorporating the transformative power of artificial intelligence 

(AI), the next-generation of sustainable polymer blends could be 

designed. Lastly, development of models utilizing small data for 

accurate predictions and design of compatibized blends without 

compromising end-of-life options are key research area for future 

of bioplastic blends. 
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