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polymer synthesis, modification and mechanical recycling 
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Reactive extrusion (REX) is an important processing and production technique with applications in the field of polymer 

synthesis, modification and recycling. A full REX design demands a multi-scale approach recognizing at the molecular scale 

a wide spectrum of elementary reactions, at the micro-scale viscosity variations influencing the observed kinetics, at the 

meso-scale multiphase and morphological variations, and at the macro-scale various screw configurations and designs. In 

the present contribution, an overview is given of the multi-scale modeling tools currently available to fundamentally 

understand REX processes, targeting a (average) chain length increase, preservation or decrease. Emphasis is on 

computational fluid dynamics, in general, flow oriented approaches, and classical chemical reaction engineering approaches, 

addressing both deterministic and stochastic solvers. To highlight the potential of the discussed modeling tools five case 

studies are included, considering functionalization of (bio)polymers,  polymer recycling and circularity. 

Introduction 

In the last decades, extrusion has become one of the leading 

technologies for the processing of polymers and the production 

of polymeric products.1-3 Extruders are nowadays so broadly 

employed because they combine several processing operations 

such as melting, transport, mixing, homogenization, pressure 

generation, and product shaping into one single equipment. 

This versatility can be achieved while dealing with highly viscous 

polymer melts that display Newtonian viscosities between ca. 

102 and 107 Pa s.4 As extruders are very capable of treating and 

shaping highly viscous melts, the interest arose to utilize them 

as reactors for desired chemical modifications. These 

modifications include the injection of chemicals once the 

molten state has been reached, explaining the increasing 

popularity of reactive extrusion (REX) for polymer synthesis and 

modification. 5-12 

REX is an industrially applied process that involves the main 

operations steps of conventional extrusion, while 

simultaneously carrying out chemical reactions. The application 

scope of REX is extensive, due to (i) excellent mixing and heat 

transfer capabilities, (ii) the ability for continuous production, 

and (iii) the combination of both compounding and synthesis in 

one equipment. Disadvantages can be the need of a rather low 

residence time and the establishment of a residence time 

distribution (RTD), complicating REX application with slower 

reactions and complex blend compositions. REX can also suffer 

from a lack of cooling capacity, limiting the application range for 

highly exothermic reactions.  

Figure 1 gives an overview of common REX processes, 

differentiating according to the product target at the (average) 

chain length level, with the chain length formally defined as the 

total number of monomer units in a chain regardless of the 

topology.5 At this chain length level, one can aim at a chain 

length increase, a chain length preservation or a chain length 

reduction. Historically, most emphasis has been on a chain 

length increase with the most prominent examples being 

chemical modification by grafting and crosslinking that have 

virgin pre-synthesized polymer as reactant (first three arrows in 

yellow middle box in Figure 1).13, 14 In more rare cases (not 

shown in Figure 1), the chain length increase is realized by 

polymerizing (co)monomers thus executing a conventional 

polymerization reaction in an extruder.15 

 An example of chain length increase is grafting vinyl 

polymers by controlled radical polymerization techniques using 

reversible addition−fragmentation chain-transfer 

polymerization (RAFT) polymerization or nitroxide mediated 

polymerization (NMP) chemistries.16 Specific polymers for this 

grafting are polylactic acid17, 18 and polyethylene 

terephthalate.19, 20 
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Figure 1: Common reactive extrusion (REX) process and their relation to the (average) chain length at the molecular scale; only 

cases shown starting from polymer molecules; the added chemicals (above the arrows) are added along the extrusion. 

If chain length preservation is the target, one conventionally 

implies chemical functionalization in REX equipment (first arrow 

in top blue box in Figure 1). Such functionalization refers to the 

transformation of functional groups in the original polymer 

chains into more added value functional groups for the actual 

application envisaged. An example is the incorporation of 

maleic anhydride side moieties on polyolefin backbones to 

synthesize compatibilizers.21, 22  

More recently there has been also interest to aim at chain 

length preservation for mechanical recycling applications.23 A 

distinction can be made between the mechanical recycling of 

thermoplastic (second arrow in top blue box in Figure 1) and 

thermoset-like (third arrow in top blue  box in Figure 1) 

materials. For the thermoplastic materials, the REX 

environment is utilized to conduct chain length repair and to 

realize small chemical modifications. The target is to reprocess 

recycled polymer grains or flakes, minimizing degradation and 

performing only very limited modifications by for instance 

adding only extra stabilizer.23  

 For the thermoset(-like) materials, one considers the 

rearrangement of the advanced chemical building blocks that 

these materials possess either via a light- or temperature 

trigger.24-26 For more large scale objects a temperature 

sensitivity is more practical so that at elevated temperature one 

can easily open and reshuffle the dynamic bonds in the 

network/crosslinked materials (orange macromolecules in 

Figure 1). Under such conditions more conventional 

thermoplastic flow can be mimicked and deformations through 

self-healing can be applied. REX can therefore be used to 

decrease the (average) cross-linking density and thus reprocess 

and recycle crosslinked systems.27 Upon decreasing the 

temperature a thermoset-like material shape again results, 

which possesses  ideally similar macroscopic properties as the 

virgin material. This virgin material can be made through REX as 

well, again showing the flexibility of the extruder equipment. 

Currently, several dynamic chemistries have been developed 

and the term vitrimers is often employed.28-30 A challenge 

remains to increase the scale-up potential of these dynamic 

chemistries, highlighting the need to bridge the fields of 

polymer chemistry and reaction engineering. 
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Figure 2: Top: Multi-scale character of reactive extrusion (REX), exemplified via grafting in a twin-screw extruder. The zoom of the macro- or reactor/equipment scale highlights 

consecutively the meso-, micro- and molecular scale. Bottom: conceptual representation of one screw part, defining typical screw variables. 

As shown in the bottom salmon box of Figure 1, REX can also 

be applied to realize a chain length reduction.31-33 One can make 

a distinction between controlled degradation and 

(thermo)chemical recycling. In controlled degradation, one 

deliberately induces (limited) fission of certain chains to tune 

the polymer viscosity toward a target value.6 In 

(thermo)chemical recycling one aims at monomer (or oligomer) 

recovery thus depolymerization. The use of REX technology for 

these depolymerization processes is most relevant for 

polycondensation products. It is also relevant for vinyl polymers 

with a highly selective and fast formation of monomers, e.g. the 

formation of methyl methacrylate out of poly(methyl 

methacrylate) at elevated temperature.34, 35 In contrast, for 

polyolefin chemical recycling, one often relies on pyrolysis.36 

For (reactive) extrusion, a differentiation can be further made 

on the level of the screw configuration, with a main difference 

being single- and twin-screw configurations. Single screws are 

widely applied for more general polymer processing tasks, e.g.  

sheet/profile extrusion, film blowing, filament production,37-39 

while twin screws are used more for compounding and mixing 

purposes.40-45 The main advantages of twin-screw extruders 

compared their single screw counterparts are a better mixing, a 

self-cleaning effect, the possibility for a modular design of the 

screws, and the starve fed operation mode, which means that 

reactant/product streams can be easily removed as the fill ratio 

is only partial. It is thus not surprising that REX mostly involves 

twin-screw adaptations as excellent mixing is necessary to 

obtain a sufficiently homogeneous end product.  

It can be claimed that REX is one of the most economical and 

cost-effective techniques for polymer synthesis and 

modifications, due to an acceptable investment cost, the 

possibility of solvent-free processing, the flexibility of scale, and 

a comparatively small unit size. A dedicated process control is 

although needed as along the screw(s) there can be a strong 

variation of temperature, pressure (both drop and build-up), 

residence time, rheology, and morphology. Optimal REX 

processing conditions thus not only demand a detailed 

knowledge of the relation between temperature/pressure and 

chemical reactions but also an in-depth understanding of the 

impact of the screw and barrel settings (e.g. screw rotation 

speed, feeding rate, filling ratio, external heating rate, channel 
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depth, helix angle, flight width, and screw diameter and length) 

on the mixing intensity to facilitate such chemical reactions.  

The complexity of the flow in twin-screw extruders, 

including physical phenomena such as shear thinning and shear 

induced heat dissipation, makes REX a challenging process to 

operate. In this scope, a purely experimental research and 

design approach is not recommended, as too many process and 

machine variables exist.46 Instead one needs to apply model-

driven design in combination with experimental validation.  

In the current contribution, it is first explained that REX design 

is ideally performed through multi-scale modeling. An overview 

is then given of the main (multi-scale) modeling approaches, 

making a distinction between unreactive and reactive modeling 

approaches on the one hand, and deterministic and stochastic 

modeling approaches on the other hand. The advantages and 

disadvantages of these modeling approaches are in a final step 

illustrated through five case studies. Both case studies on 

functionalization and recycling are addressed, considering both 

oil-based and biopolymers. Attention is also paid to the 

potential of machine learning tools for REX design. 

A bridge is made between the application scope of REX and 

the historical modeling endeavors that have been undertaken. 

Even though the amount of reviews regarding REX is quite 

extensive,2, 5, 6, 8, 9, 41, 47-49 most reviews have focused on the 

modeling progress in rather general terms or give an overview 

of the most important applications, starting from simplified 

reaction schemes.3, 46, 50-54 Hence, this review fills a gap in the 

REX literature giving both an extensive overview of REX 

modeling approaches, and the most prominent REX applications 

and chemical modifications. To not overload the discussion 

main emphasis is on well-defined inlet streams and thus less on 

more advanced composite material production. 

The need of multi-scale REX modeling 

As explained above, REX allows to execute a wide range of 

chemical processes or modifications such as functionalization, 

degradation, recycling and the synthesis of polymeric materials. 

REX thus deals with a plethora of reactant and/or product 

streams so that in general a multiphase description is needed, 

also bearing in mind melting and solidification stages. 

Such multiphase description goes hand in hand with a multi-

scale engineering research approach, as exemplified in the top 

part of Figure 2, dealing with the grafting of virgin polymer 

backbones (colored in red) with injected monomer molecules 

(colored in orange). The macro-scale is defined at the 

equipment, hence, reactor scale. The most essential macro-

scale process parameter is the screw configuration, with a 

definition of its main parameters provided at the bottom of 

Figure 2 considering two screws. The meso-scale is defined 

around the interface of the polymer- and monomer-rich phase, 

as established due to imperfect mixing and possible 

thermodynamic constraints, and thus this scale addresses 

interphase phenomena. A further zoom allows to define the 

micro-scale per (reactive) phase. Specifically for the polymer-

rich phase there is at the micro-scale a strong competition of 

diffusion of molecules and reactions between these molecules, 

ultimately defining the molecular scale in which species are at 

reaction distance to perform the actual chemical 

modifications.55 

In the last decades, mostly a rise in micro-scale kinetic 

modeling tools for chemical processes involving highly viscous 

polymer melts has been witnessed.56 These developments 

range from the introduction of completely empirical models to 

more advanced kinetic models involving chain length 

dependent scaling laws capturing differences in diffusion 

modes. On the meso-scale, attention has been paid to a better 

understanding of mass transport and several physico-chemical 

parameters such as the micro-scale viscosity in a given phase 

and solubility limits.57 For  macro-scale modeling, a slow trend 

can be identified to capture in more detail local velocity field 

variations.58-61 Such variations can induce spatial heterogeneity, 

for instance, a non-uniform distribution of monomer droplets. 

This is further complicated by the possibility of injecting 

reactants (e.g. monomer and initiator) along the axial position 

inside the extruder (cf. top part of Figure 2). Similarly, the 

pressure and temperature profile can vary along the extruder, 

with in the case of polymer modification/recycling a melting 

zone before the actual chemical modification.  

A more detailed inspection of the literature for the modeling 

of the polymer transformation and rheology in single and twin-

screw (reactive) extruders reveals that two major approaches 

or schools of thought can be distinguished. The first approach is 

computational fluid dynamics (CFD) or thus flow oriented and 

starts from the solving of the mass, momentum and energy 

balances for a given geometry. It is inherently a slower approach 

that is often with singularity and convergence issues for reactive 

(viscous) systems and restricted in application to specific 

(extrusion) sections.62,63 The second approach can be classified 

as classical chemical reaction engineering and is based on ideal 

or simplified flow patterns, or cascades of reactors.52, 64 It allows 

to cover chemical variations at the micro-scale in much more 

detail but at one point needs to more pragmatically grasp higher 

length scale phenomena. In other words, a phenomenological 

modeling approach is then applied. 

One can make a further distinction between one-, two- and 

three-dimensional (1D, 2D and 3D) models. For example, the 

first models were 1D with the flow only considered to change in 

the axial direction of the extruder. Later on also 2D models have 

been developed taking into account the changes in e.g. both the 

radial direction of the screw and the axial direction of the screw, 

the latter alternatively replaced by the unwounded screw 

trajectory. Such flow patterns are more complex as the relative 

movement of the screw to the stationary barrel is taken into 

account. More recently also 3D models have been put forward, 

for both Newtonian and non-Newtonian fluids, at least for 

selective zones of the extruder.65-69 The application of REX 

multi-dimensional models with polymer melts is although 

limited. Such processes are generally modeled using the 

second, engineering approach in which the extruder is either 

simplified as  ideal plug-flow reactors, a cascade of continuously 

stirred tank reactors (CSTRs) or a network of CSTRs.
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Figure 3: Overview of multi-scale modeling tools for reactive extrusion 

It should be further noted that most of the modeling 

attempts consider a constant temperature. Non-isothermal 

conditions are more difficult to model, as chain movement and 

consequently molecular scale flow behavior is a strong function 

of the local temperature. Depending on the desired accuracy of 

the model, the effect of temperature can either be introduced 

by calculating a whole 3D temperature field or a 1D mean 

temperature that varies in the axial direction. In any case, there 

is need for better scale-up models.144 

Multi-scale modeling approaches for design of 
reactive extrusion 

Figure 3 provides an overview of the multi-scale modeling 

approaches currently available to describe and design REX. 

Consistent with the previous section, a distinction is made 

between models that are oriented around (i) flow and (ii) 

reaction. The former approach, which is denoted in the present 

work as flow driven extrusion modeling, is strongly interlinked 

with conventional “unreactive” extrusion. The latter approach, 

which is denoted in the present work as reaction driven 

modeling, is the core of the field of chemical engineering and 

thus puts as essential modeling feature the reactor/chemical 

conversion nature of the REX equipment. Also mingled 

approaches exist that are denoted in the present work as hybrid 

models. In what follows, the main characteristics of the flow 

driven, reactive driven and hybrid models are put forward. 

 

Flow driven extrusion modeling 

The modeling of the conventional extrusion process is often 

directed towards macro-scale modeling, this with a gradual 

expansion from 1D to 3D models. As conventional extrusion 

does not involve (desired) chemical reactions, the smaller 

length scales such as the molecular and micro-scale are of lower 

importance.  

Because the extruder equipment is large a division in macro-

scale sections is highly recommended. The common way is the 

consideration of separate models for the main sections taking 

the screw as the main differentiator. This leads to following four 

sections: (i) the solid transport section, (ii) the melting section,  

(iii) the melt conveying section, which is also known as the 

pumping or metering section, and (iv) the extrusion exit unit or 

die. In any extrusion section, nowadays mostly deterministic 

numerical methods are being employed such as the distinct 

element method (DEM) and the finite element method (FEM). 

In what follows, a concise overview is given of the most 

important flow driven models for the four main sections of the 

extruder. The discussion is ended with the mentioning of a 

global approach for the four sections together. 

By far the most studied extrusion section is the melt 

conveying section (extrusion section 3), which encompasses the 

final section of the extruder excluding the die. In this section, 

the material inside the extruder exclusively consists of polymer 

melt. Thus, the modeling of mass transport mainly involves the 

correct description of the behavior of non-Newtonian molten 

fluid for a certain screw configuration. To lower the 

mathematical complexity, the first models were 1D isothermal 

Newtonian models to allow for drag and pressure flow 

contributions.70, 71 Later on these models have been expanded 

towards non-Newtonian fluids, first with correction factors 

starting from the Newtonian solutions. These models initially 

considered the flow of material through a rectangular channel 

of infinite width with formally the barrel rotating around a 

stationary screw. Later on these models have been improved 

considering 2D and 3D flow with thermal/mechanical coupling. 

It should be stressed that for the melt conveying section in an 

extruder, or more general for viscous polymer streams in a 

given reactor environment, flow driven models accounting for 

chemical reactions are very rare. Only more recently the first 

attempts have been made but there the flow modeling is mainly 
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limited to microreactor channels72, 73 or even basic batch 

reactors.74-76  

Benefiting from the progress in modeling the flow, in the 

conventional melt conveying section, also attention has been 

paid to the modeling of only the extrusion exit flow out of the 

die mounted at the end of the extruder (extrusion section 4). 

For a detailed overview of the modeling efforts, the reader is 

referred to the recent review of Tang et al.77  

For the modeling of the solid transport zone (extrusion 

section 1) simplifications have are typically made. This section 

consists of the hopper and the first few pitches of the screw and 

the first models describing the conveying of solids in the 

extruder assumed that the polymer pellets are moved as a solid 

block.78-80 This is defendable, at least to a certain degree, if the 

screw channel below the hopper is completely filled and 

because the internal friction of the polymer pellets is likely 

much greater than the friction at the (steel) screw and barrel 

wall. These types of models have been optimized and refined 

throughout the years starting from isothermal models with 

isotropic pressure distributions, ultimately leading to models 

accounting for the interplay of both physical and geometrical 

parameters.  

Despite that the above mentioned solid-based models have 

been used and researched intensively for the modeling of the 

first extrusion section, more recent research has pointed out 

that relative movements of the granules inside the screw 

channels can be encountered.81-84 This has led to the usage of 

other techniques, mostly DEM, for modeling the  transport of 

solids in a single screw extruder. DEM is a very useful tool for 

modeling the  transport of solids in extruders, with (i) each 

polymer granule approximated by a rigid sphere and (ii) the 

interaction of the granules with each other and with the screw 

and barrel modeled, using simple impulse and frictional forces 

resulting from collisions.85 DEM is particularly useful for non-

continuum substances, which is why FEM is rarely used for 

modeling the solid transport section of the extruder. The 

downsides of the DEM technique are the generally long 

simulation times and the difficult measurement of some input 

parameters such as the coefficients of friction and restitution.  

The melting section (extrusion section 2), which relates to the 

description of the melting of solid polymer pellets into a viscous 

continuous polymer melt, has mostly been studied in a single 

screw extruder. Experimentally, melting tests have been 

originally performed using the screw pulling out technique or 

screw-freezing experiments, in which the screw movement is 

stopped in full operation and then the screw and polymeric 

material are cooled down rapidly.  

One of the first researchers to obtain a significant 

understanding of the melting mechanism in an extruder was 

Maddock.86 Numerous research has extended the work of 

Maddock, however, the basic principles remained relatively 

unaltered, even for the recent field of pellet-driven additive 

manufacturing or 3D printing.87, 88 According to Maddock, the 

melting mechanism of polymer pellets in an extruder is 

contiguous solid melting or melt removal by drag. According to 

this mechanism, a layer of polymer melt is formed between the 

heated barrel and the bulk of the polymer pellets. This film is 

dragged by the barrel surface and as the film reaches the edge 

of the advancing flight it is mixed with previously melted 

polymer. Along the axial direction of the extruder, the portion 

of the solid polymer pellets gradually decreases and the channel 

is filled with more and more molten polymer.  

The disadvantage of the Maddock model is that a prior 

melting mechanism of the polymer is assumed, which is likely 

invalid for all polymer materials, screw geometries and 

processing conditions, limiting the application range of the melt 

removal by drag models or making it in certain cases only a 

qualitative model. Researchers have therefore recently opted 

to simulate the melting of polymer by solving the conservations 

equations of mass, energy and momentum, leading to the 

utilization of FEM/CFD approaches with both 2D and 3D  

adaptations. 89 

Several research groups have also tried to connect the 

macro-scale models per section along the extruder. One can 

aim at a local accurate description of the flow field with high 

computational cost but from a more pragmatic point of view it 

is worthwhile to aim at a global description for the whole REX 

process thus from hopper to die (or reverse). This global 

approach of modeling (twin-screw) extrusion is essentially a 

series of simplified (1D) local approaches to obtain a realistic 

description of twin-screw extrusion whilst decreasing the 

computational demand. One of the most known global 1D 

models is the Ludovic© software package.71 These types of 

models focus more on the description of flow in the melt-

conveying section and use severe simplifications for the other 

sections. Specifically, for the description of flow in a twin screw 

extruder, the global model can make a distinction between flow 

in the C-shaped screw elements and the flow in the 

intermeshing area between the screws. The flow in C-shaped 

screw elements has been studied intensively and is typically 

handled in 1D or 2D. However, the intermeshing area is much 

more complex which makes a full 3D simulation more ideal. 

Vergnes et al.90 showed that a simplified modeling approach is 

still very able to describe the flow in screw elements, but for the 

description of the flow inside other screw elements such as 

kneading disks, more advanced 3D simulations might be more 

opportune. 

It is further worthwhile mentioning that the strong side of 

the flow driven models is the possibility to address dispersive 

mixing during REX. An example is the work of Komolprasert et 

al.91 who studied bacterial starch liquefaction. While addressing 

mixing in rather high detail, the authors approximated the 

reaction kinetics by a pseudo-first-order reaction. It is further 

interesting to note that flow driven models can address 

micromixing effects which are challenging to access with other 

approaches.92  

Flow-driven models find application is the description of the 

polymer synthesis as well as exemplified by Cegla et al.93  

 

Reaction driven extrusion modeling 

To account more in detail for the reactive part of REX one 

needs to sacrifice the level of flow detail, hence, apply a more 

phenomenological modeling approach, consistent with classical 
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chemical engineering modeling approaches. Most known is the 

consideration of series of chemical reactors to represent the 

overall behavior in the (twin-screw) extruder. Such reactors are 

typically (ideal) continuous stirred-tank reactors (CSTR’s) or 

plug-flow reactors (PFR’s).9 Depending on the geometry the 

screw profile is described by a certain number of these reactors 

that can additionally include backflows. In parallel, kinetic 

equations for chemical variations and energy balances can be 

written down to simulate the REX process, either under steady-

state or non-steady-state conditions.  

It should be stressed that also the reaction driven models 

still have many assumptions. An example is the nature of the 

kinetic equations that are generally established under static and 

isothermal conditions, very far away from the stronger 

conditions encountered in the extruder. The reactive medium is 

also often assumed to be homogeneous so that the reagents are 

supposed to be instantaneously perfectly mixed with the 

molten polymer. One can although expect that in some cases 

local mixing should be evaluated and so that mixing efficiency 

should be at least formally introduced as a parameter in the 

kinetic equations to account for heterogeneity. In addition, 

degradation of (polymeric) reactants due to the very high 

temperatures and the formation of local hotspots is likely but 

often not accounted for. There is also the possibility of a 

multiphase REX system, as typically the inlet streams are not 

based on one composition. Upon dealing with for instance 

reactive blends the morphological changes are relevant and 

thus a meso-scale layer should be embedded. The amount of 

descriptive models for multiphase behavior is although limited 

and most of them deal with a minor phase dispersed in a matrix 

of another component. 50, 94 

A distinction can be made between deterministic and 

stochastic reaction-driven modeling approaches. The majority 

of research efforts regarding the modeling of reaction driven 

REX have been deterministic in nature, although stochastic 

models also exist. Generally, deterministic models focus more 

on the description of the macroscale properties, while the focus 

of stochastic models is usually on the accurate description of 

the microscale kinetics and mesoscale mass transfer 

phenomena.  

Within the deterministic models a key question is the 

sufficiently accurate representation of the left-handed and 

right-handed screw elements as CSTRs with possible backflows. 

Most studies are in agreement for these basic screw elements, 

however, for more complex elements such as the kneading 

disks and the die, different approaches exist. Choulak et al.52, 95 

only considered a cascade of CSTRs, where both the kneading 

disks and the die have been linked to CSTRs with flow rate 

expressions depending on the geometry. Other studies have 

shown that the flow in kneading disks is significantly different 

from the flow in conventional screw elements and therefore 

introduced formal corrections factors accounting for the 

possibility of upstream and downstream drag flow components. 

Dies are commonly considered ideal plug-flow reactors in which 

the residence time is determined by the die free volume and the 

volumetric flow rate. 96 Note that the deterministic kinetics are 

also simplified significantly on the chemical level, commonly 

making use of total reaction rates or very toned-down reaction 

schemes. 

Stochastic models on the other hand focus on the detailed 

description of the kinetics, micro- and meso-scale phenomena 

to obtain correct input results for the macroscale process.54, 97 

While deterministic models aim mainly to predict the correct 

RTD and somewhat less on the (distributed) molecular 

properties (e.g. grafting density, functionalization degree, 

average chain length), the current stochastic models do quite 

the opposite. Most promising are here coupled-matrix based 

simulations as introduced by De Keer et al.98 and Figueira et al.99 

to show the detailed chemical compositions of all molecules, 

also including crosslinked ones. 

The reaction driven approach has been mostly applied for 

modification of oil-based polymers. This approach is in contrast 

rare for starch biopolymers, as the number of reactions can be 

high and the reaction mechanisms are not always clear. 

Furthermore, a highly viscous medium affects the apparent 

reactivity and the diffusion models for (biopolymer) melts 

under high shear stress are not well established yet. An example 

of rheokinetic modelling of acrylamide graft copolymerization 

with starch (related to REX) can be found in work of Bao et al.100 

Similarly, Wang et al.101 addressed phase transitions during 

starch-water interaction even though the authors did not 

account for flow patterns. 

The reaction-driven models can also describe the synthesis 

of polymers via REX. A key example is the work of  Cong et al.93 

who described the synthesis of flame-retardant polyurethanes. 

The authors used the link between the torque and extend of the 

reaction to increase the relevance of their modeling effort. 

 

Hybrid models 

To construct highly predictive models for REX of polymers, a 

flow model, a heat transfer model and a reaction model should 

be ideally coupled together. Depending on the approach, i.e. 

flow driven or reaction driven, the models are typically applied 

to different processes. An intermediate solution is a hybrid 

(flow reaction) driven model.102, 103 

For example, the base for the flow modelling part can be the 

Ludovic© software, as exemplified by simulations of starch 

cationization via REX by Tara and collaborators.104-106 From a 

rheokinetic point of view, this REX modification is simple as no 

significant changes in the molar mass of the starch molecules 

occur. Thus the authors could derive a power-law dependence 

between the viscosity, and the temperature and specific 

mechanic energy.106, 107 For the kinetic model development, the 

authors used batch experiments and derived a so-called 

effective kinetic equation which links the reaction time to the 

degree of substitution.  
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Figure 4: (a) Mass transfer for a two-phase system in a reactive extrusion (REX), aiming at free-radical induced grafting of monomer (M) on polyolefin chains using initiator 

fragments I; (b) relevance of two-phase kinetic model to accurately grasp the REX characteristics by including a theoretical comparison with one phase kinetics for the simplified 

case of a monomer that adds only one time. Both subfigures are reproduced from Ortiz et al. 108 Published with permission of Elsevier, copyright 2022. 

For completeness it is mentioned here that a specific version 

of Ludovic© software has been developed, which accounts for 

changes in viscosity.106 In this case more sophisticated chemical 

processes via REX, e.g. controlled degradation or 

polymerization, can be simulated more accurately.106 

The work of Morales-Huerta et al.109, 110 exemplifies the 

usefulness of hybrid REX models as well. In particular, he 

authors combined a scheme of 5 reactions and reduced flow 

equations obtained from simplification of the Navier–Stokes 

equations to describe the pre-treatment of lignocellulosic 

biomasses in twin screw extruders. The model allowed for 

accurate description of the experimental data.  

Finally, for the hybrid (and the flow-driven) models, the 

description of the flow patterns should depend on the 

construction of the screw elements. For the right-handed screw 

element the drag flow and the pressure rate leaving reactor can 

be calculated based on the description of Booy et al.111 A model 

for the kneading blocks has been proposed by Choulak et al.52 

and d’Avray et al.96 Recently, Cegla et al.112 reviewed the flow 

modelling approaches depending on the screw element 

geometry and they proposed an improved description of the 

backflow modelling.  

Case studies 

To further demonstrate the working principles of the multi-

scale models in Figure 3, in this section, five case studies are 

included. The first two case studies deal with functionalization 

of the backbones of polymer chains, considering in Case study 1 

polyolefins, hence, vinyl polymers, and in Case study 2 starch 

molecules, thus biopolymers. In the next two case studies 

emphasis is on recycling of polymers, with in Case study 3 focus 

on mechanical recycling for (epoxy-amine-acetoacetate based) 

vitrimers and in Case study 4 emphasis on chemical recycling of 

polyacrylics. In Case study 5, the relevance of machine learning 

tools is illustrated. 

In each case study, attention is paid to the reaction scheme 

and the main modeling assumptions are discussed to then 

highlight typical modeling outcomes. These modeling outcomes 

are related to specific length scales so that the five case studies 

together highlight results from the molecular to the macro-

scale as defined in Figure 2. 

 

Functionalization of polyolefins: meso-scale interphase transport 

influencing  process intensification 

REX is often used for modification of polyolefins A crucial 

step in REX functionalization and chain length increase is 

frequently the injection of small molecules in a viscous medium. 

As mixing is likely non-instantaneous and the time scales for 

chemical modification are low (e.g. residence times of only a 

couple of minutes) the likelihood of a multi-phase reactive 

system is high. A natural question coming forward is whether 

the functionalization kinetics are altered because of the 

presence of several phases or one can simply assume perfect 

mixing and thus one phase behavior. 

In this respect, the work of Ortiz et al.108 dealing with free 

radical induced grafting (FRIG) of polyolefins, either with a 

monomer that can easily polymerize, thus with significant 

monomer addition leading to rather high graft lengths, or a 

monomer that can only participate in one addition, is one of the 

few modeling studies allowing a deeper understanding of the 

relation between multiphase composition, and FRIG kinetics 

and performance. These authors introduced a meso-scale in 

their multi-scale kMC model to explicitly describe if species 

could be transferred from one phase to the other, as 

conceptually illustrated in Figure 4(a) with the top green layer 

being the monomer-rich phase and the bottom yellow layer the 

polymer-rich phase. Micro-scale parameters have been 

assessed in a first step under very dedicated in the limit one 

phase conditions, as achievable through very long mixing times 

and less severe reaction conditions. In a next step, mass transfer 

parameters have been assessed under industrially relevant two-

phase REX conditions. 
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Figure 5. Macro-scale modeling of reactive extrusion, focusing on the oxidation of starch biopolymers (a) Relevant reactions; (b) the reaction driven approach for the melt section 

of the extruder (F0 = feed rate, Fd =drag flow, Fr = pressure flow). (c) Comparison of measured and simulated mass average molar masses. Reproduced from d’Avray et al.96 

Published with permission of Berkeley electronic press, copyright 2022. 

Figure 4(b) shows that a REX functionalization under 

multiphase conditions displays different chemical kinetics 

compared to its simplified countercase of one phase conditions. 

Emphasis is on a monomer (e.g. maleic anhydride) that only 

adds one time to a polyolefin chain that has undergone 

hydrogen abstraction. It follows that the (normalized) monomer 

conversion increases faster in the one-phase theoretical case 

(full blue line), as the whole reactive system can then witness 

micro-scale diffusional limitations on termination. In contrast, 

in the two-phase system, such limitations are not that relevant 

in the less viscous monomer-rich phase, explaining the lower 

position of the dashed green line in Figure 4(b). In general, in 

the two-phase system there is competition between mass 

transfer and chemical reactions which is absent by default in the 

one phase model, again highlighting the relevance of the meso-

scale consideration. 

 

Macro-scale challenges for chemical modification of starch 

polymers 

Due to the recent environmental regulations, societal 

challenges and growing environmental understanding 

throughout the world, renewed efforts have emerged in the 

polymer industry to develop new products and processes 

compatible with our environment. The design of biodegradable 

and bio-based plastics is an appropriate, eco-efficient approach 

to enhance the environmental quality of many products. 113-116 

Up until now, many biodegradable plastics still struggle to 

compete with petroleum-based bulk products especially in 

terms of cost-competitiveness and thermo-mechanical 

properties. To increase their commercial scale-up and 

competitiveness while still maintaining biodegradable 

properties, these type of polymers are generally mixed with 

organic/inorganic fillers. To ensure high product quality, the 

dispersion and interfacial adhesion between the fillers and the 

polymer material is of the utmost importance, explaining why 

REX  has emerged as the go-to processing technique for 

biopolymers. As no solvents are strictly required, REX seems to 

be even more promising, as natural and biopolymers are hard 

to solubilize. 

Starch being the most abundant natural feedstock for 

sustainable polymers has been successfully processed by REX 

for various applications such as enzymatic hydrolysis,117-119 

oxidation,120 esterification,121, 122 cationization123, 124 grafting of 

the maleic anhydride13 as well as grafting and blending with 

synthetic polymers.3, 125-128 However, optimization and scale-up 

remain a challenge because of the strong coupling between 

flow characteristics, rheological behavior, thermal evolution, 

and reaction kinetics.129 Additional challenges relate to the 

modular configuration of the extruders possessing various 

screw geometries and temperature profiles. From this point of 

view model-guided optimization at the macro-scale is 

recommended. 
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Figure 6: (a) Reaction chemistry of synthesizing mechanically recyclable dynamic networks based on  acetoacetate, amines and epoxy functionalities, i.e. vinylogous urethanes 

vitrimers; (b) and (c) relevance of molecule-to-molecule deviations as modeled through the principles outlined in De Keer et al. 98 and the  (intrinsic) model parameters and 

reaction conditions listed in Figure S1 of the Supplementary Information; in b total monomer units (chain length) and number of acetoacetate units per molecule, and in c 

available primary amines per molecule. Focus on ca. 100 molecules for illustration purposes. 

One of the most advanced macro-scale REX models has 

been described by d’Avray et al.96 These authors presented 

simulations of the oxidation of starch biopolymers, selecting the 

deterministic reaction driven approach and the reactions in 

Figure 5(a). Several chemical transformations occur during this 

REX oxidation, i.e. polymer functionalization with carbonyl and 

carboxyl groups, and chain scission. The latter reaction results 

in a significant change of the average molar mass. Hence, the 

viscosity changes cannot be neglected as in a typical 

cationization REX case. 130 

In the model, d’Avray et al.96 addressed flow patterns by 

taking into account simplified fluid mechanics laws and 

geometrical parameters, as proposed by Choulak et al.131 More 

in detail they used CSTR and plug flow ideal reactor models to 

simulate the screw elements in the extruder with calculation of 

the drag and pressure flows, as depicted in Figure 5(b). 

Additionally, these authors accounted for the differences in the 

flow patterns for the kneading blocks by subdividing the drag 

and pressure flows into downstream and upstream 

components. The heat transfer has been modelled by 

implementation of the energy balance equations for each of the 

screw elements represented by an ideal reactor model. The 

kinetics of the chemical reaction has been modeled based on 

the solution of population balances, allowing to model the 

evolution of (the averages of the) molar mass distribution 

(MMD).  

The authors obtained an excellent agreement between 

experimental and simulated residence times, average molar 

masses of the products (Figure 5(c)), degree of 

functionalization, and specific mechanical energy, highlighting 

the relevance of the modeling approach combining a 

sufficiently detailed reaction scheme with a sufficiently 

advanced flow model. 

Another interesting study is the one of Morales-Huerta et 

al.,109, 110 who applied a similar approach to d’Avray et al.96 In 

particular, the authors described an extruder as a cascade of  

CSTRs, considering a detailed reaction scheme. The flow is 

described based on Navier-Stokes equations, considering for 

simplicity isothermicity. Nevertheless, the model provides 

accurate description of the experimental data under a broad 

range of conditions, e.g. reagent concentration, temperature, 

and screw speed.     
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Mechanical recycling of vitrimers: molecular scale insights in 

dynamic bond exchanges of crosslinked molecules 

A more recent chemistry trend is the introduction of dynamic 

bonds in crosslinked or network polymers that enable reshaping 

upon for instance a temperature increase, thereby displaying 

mechanical recycling potential. In the present case study 

emphasis is on vinylogous urethane vitrimers, as developed in 

the research groups of Du Prez and Winne. 28, 132, 133  

As shown in Figure 6(a) (first row), in that chemistry, 

precursor species are first synthesized  by adding an access of 

bis-amine to bis-acetoacetate, resulting in a curing agent with 

primary amines as terminal groups and vinylogous urethane 

bonds that will later serve as reversible thus dynamic bonds. 

These precursor curing agents are subsequently reacted in the 

presence of bifunctional epoxy-capped species to form epoxy-

amine-based crosslinks. This crosslinking is highlighted in the 

second and third row of Figure 6(a), making differentiation 

between the attack of a primary and secondary amine. As 

acetoacetate-amine-based bonds or so-called vinylogous 

urethanes are present in this crosslinked system, dynamic 

exchanges in the form of transamination of the vinylogous 

urethanes are possible at elevated temperature, as shown at 

the bottom row of Figure 6(a). 

From a chemistry point of view it is worthwhile to explore 

molecule-to-molecule deviations, as it can be expected that the 

number of dynamic bonds per molecule matters in the 

mechanical recycling potential. Figure 6(b) and Figure 6(c) 

demonstrate that indeed such deviations exist by displaying for 

100 molecules (or so-called molecule ID’s) the simulated total 

number of monomer units (black), the simulated number of 

acetoacetate monomers units (red), and the amount of free 

primary amine units enabling further exchange (blue). This is 

theoretically done for a precursor curing agent synthesis with 

3000 bis-amine monomers and 1900 bis-acetoacetate 

monomers at 298 K until 100% yield. The crosslinking synthesis 

is conducted by adding 2100 bis-epoxy monomers to the curing 

agent from the previous step at 298 K up to 99% epoxy 

conversion. The simulation results have been obtained 

following the kMC framework of De Keer et al.98 and the model 

parameters listed in Figure S1 of the Supplementary 

Information. The pre-exponential factor for secondary reactions 

on amines has been increased for model testing purposes. For 

simplicity intrinsic kinetics are assumed so that simulated 

deviations are of a pure molecular nature and thus viscosity 

effects as defined at the micro-scale are still ignored. 

It follows from Figure 6(b) that all molecules contain 

acetoacetate monomer units in quantities relatively identical to 

the initial ratio of the amount of acetoacetate groups to the 

total amount of monomer molecules. This makes sense, as all 

the acetoacetate molecules have reacted in the first step in 

Figure 6(a), and are thus encapsulated in between amine-

bonds. It should however be realized that the absolute 

acetoacetate amounts differ due to the inherent stochastic 

nature of polymerization kinetics,98 leading to various chain 

lengths. The availability of primary amines in Figure 6(c) is very 

limited with either no contribution or at most three, 

highlighting the relatively restricted exchange potential of the 

theoretical/intrinsic system under investigation as defined by 

the parameters in Table S1 of the Supplementary Information. 

 

Chemical recycling of polyacrylics: micro-scale chain-to-chain 

deviations 

Opposed to mechanical recycling of polymers one can also 

conduct (thermo)chemical recycling. For polyacrylics, as shown 

by recent research,34 REX is an interesting reactor technology. 

Most emphasis has been on the chemical recycling of 

poly(methyl methacrylate) (PMMA) homopolymer, aiming at its 

transition at elevated temperature into methyl methacrylate 

(MMA) monomer through the top reaction in Figure 7(a). 

However, side products, including the formation of so-called 

heavies and volatile compounds,134 cannot be avoided. 

Not all polyacrylics are although homopolymers and in 

general a certain comonomer content can be expected in a 

given chain. Limited variations in the unzipping reactivity are 

likely within the same monomer family (thus methacrylates) but 

significant variations are anticipated for another monomer 

family such as acrylates, as recently highlighted in Moens et 

al.134 As shown in Figure 7(a), acrylate radicals are in principle 

of the secondary type and methacrylate radicals of the tertiary 

type. As secondary radicals are less stable than tertiary radicals 

one can thus obtain a less facile unzipping for a copolymer with 

a main methyl methacrylate backbone but also incorporated 

acrylate units. 

Recently, De Smit et al.34 applied coupled matrix-based 

kinetic Monte Carlo simulations to study the polymerization and 

depolymerization kinetics of vinyl homo- and copolymer chains. 

Thanks to the explicit positioning of functional groups or 

monomer units in the chains, dedicated growth and unzipping 

pathways are within reach. An essential consideration are 

diffusional limitations on the micro-scale, specifically during the 

(co)polymer synthesis phase inducing chain-to-chain-

deviations. To further illustrate in the present work the typical 

output of such simulations, in Figure 7 a comparison is made 

between an acrylic homo- and copolymer, focusing for 

simplicity only on two reaction times and the parameters in 

Table S2 of the Supplementary Information that are merely 

inputted for illustration purposes. 

More in detail, in Figure 7, the unzipping behavior of a 

PMMA homopolymer and a PMMA copolymer with a small 

amount of an acrylate comonomer (5%) is dealt with formally 

considering the unzipping of 1000 homopolymer macroradicals 

(Figure 7(b) and Figure 7(d)) and 1000 copolymer macroradicals 

(Figure 7(c) and Figure 7(e)). After a time t1, starting at time t0, 

a significant reduction of the length of the radicals has occurred 

for the homopolymer (Figure 7(d)), with some radicals even 

completely unzipped as highlighted by the empty rows. In 

contrast, for the copolymer (Figure (e)) only a small reduction 

of the length of the radicals has occurred (limited white spaces).  
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Figure 7: (a) Unzipping reactions for chemical recycling of poly(methyl methacrylate) and a related copolymer including acrylate comonomer moieties with an ester side-chain 

group R, as discussed in detail in Moens et al.134; (b-e) Formal visualization of 1000 unzipping radicals at two time stamps t0 and t1 using coupled-based kinetic Monte Carlo 

simulations as applied in De Smit et al.34 (b,d): case of PMMA homopolymer; (c,e) case of PMMA copolymer with 5% acrylate units; blue: MMA unit, green: acrylate unit. Model 

parameters in Table S2 of the Supplementary Information. 

This confirms the retardation that occurs if after the fast 

unzipping of an MMA-segment a macroradical with a 

penultimate acrylate unit is obtained. This leads to a β-scission 

thus depolymerization reaction occurring with a significantly 

lower rate coefficient (kβ2 in Figure 7(a)), due to the transition 

of a tertiary to secondary radical. 

 

Novel  trends in optimization of multi-scale models 

The four case studies described above show that REX 

models contain many parameters at different length scales. 

Hence, the application of artificial intelligence algorithms and 

artificial neural networks (ANN) can be beneficial as they are 

applicable for pattern recognition and can handle the non-

linearity of the chemical processes.  

The very first promising results of combining ANN and 

reaction driven modeling for the optimization of nylon-6,6 

polymerization process through REX have been presented in a 

series of works by Nascimento and collaborators135-138 a decade 

ago. These authors used lab-scale and industrial data for ANN 

training and then applied the simulations for the process 

optimization, allowing for a production increase by 20%.  

Furthermore, Mehralizadeh et al.139 applied ANN for the 

optimization of polystyrene and ABS reactive blending. The ANN 

model has been trained based on the experimental data and the 

authors aimed at the highest possible tensile properties of the 

blend while optimizing through non-linear relations the ABS 

content and REX conditions. Another example of data-driven 

modelling has been provided by Ibañez et al.140 The authors 

optimized maleic anhydride grafting to the polypropylene. 

Despite the limited amount of data the authors could construct 

a model that relates material properties and process 

parameters in REX cross-linking.  Another example is the work 

of Teixeira et al.,141 who used the reduced Pareto set genetic 
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algorithm to identify an optimal screw configuration for the 

cationization of starch via REX. These authors defined 

conflicting objectives, such as minimizing the specific 

mechanical energy and maximizing the output and reaction 

efficiency. 

The ANN model can employ both flow and reaction driven 

model results as input. In a broader context, a new type of 

hybrid models has been established. This has been 

demonstrated with reasonable success by Castéran et al.,142 

who developed an ANN model combined with flow simulations 

provided via Ludovic© software. This was done considering  

experimental data on torque, pressure, engine power, and exit 

temperature for a REX aiming at the reaction of polyethylene 

oligomer with a triamine or a sorbitol, while dispersing in a 

polypropylene matrix. 

Another approach is the development of semi-empirical 

models based on multivariate data analysis.143 This approach is 

specifically valuable for in-line process control. 

Conclusions 

Reactive extrusion (REX) is a versatile technology to synthesize, 

chemically modify and recycle polymers. Many multi-scale 

design parameters matter and, in this context, modelling 

approaches are highly recommended. 

Despite that there has been extensive research on 

developing a quantitative and scientific understanding of the 

fluid mechanics and transport phenomena that dictate the 

performance of conventional extrusion machines, limited effort 

has been devoted to the coupling of fluid mechanics and 

transport phenomena with polymer reaction engineering thus 

multi-scale REX design. Most modelling approaches in REX are 

thus based on a classical chemical engineering approach with 

reactors in cascades. Nevertheless there is a trend to account 

for more length scales, specifically the micro-scale with the 

emerging trend of kinetic Monte Carlo simulations. The above 

findings have been further illustrated through five case studies. 

The current review highlights that bridging polymer 

chemistry and engineering or in general reaction chemistry and 

reaction engineering is an added value tool for future design of 

sustainable processes and scale up.  
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