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Solid-state modification of post-synthetic thermoplastic polymers is a rapidly evolving technique with numerous
advantages and potential applications. This approach is particularly attractive because it allows adding new functionalities
to existing polymer matrices, thereby extending their utility or assigning new purposes.
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| 1. Introduction

Have you ever considered the amazing journey of plastics from being a novel invention to a global environmental
concern? In the past century, the use of plastic materials has increased significantly in various applications, from single-
use items to engineering-grade polymers (e.g., food preservation, healthcare, transportation, and energy), thanks to their
extensive range of properties such as permeability, waterproofing, hydrophobicity or hydrophilicity, stiffness, or flexibility.
Plastic production has grown to an estimated annual production of over 390 million tons in 2021, with a growth rate of 4%
per year 41,

What gives them such diverse properties as permeability, waterproofing, and flexibility? It is a blend of polymeric co-
partners and other additives. But here is the catch: while these additives optimize properties, they can also lead to
mechanical weaknesses, compatibility issues, and even environmental and health hazards due to toxic substances like
phthalate plasticizers and brominated flame retardants [2Bl4], These additives have been found to cause various health
issues, including endocrine disruption and reproductive problems. These harmful substances can seep out of products
and accumulate in the environment, putting both wildlife and humans at risk. Additionally, brominated flame retardants,
which are used to reduce the flammability of materials, have been linked to neurodevelopmental issues and are highly
persistent in the environment, leading to long-term ecological consequences =€, Therefore, plastic materials are often
associated with various additives, such as polymeric co-partners, to achieve specific properties B These adjustments
can improve processability, reduce costs, or extend the material’s lifespan. However, when added in excess, certain
additives can significantly affect the final material’'s mechanical properties and cause compatibility issues within the matrix
(201 |t s crucial to maintain a good balance between the additive’s loading and its impact on the initial properties of the
material, which often requires a compatibilization step. Additionally, some additives are considered to be controversial due
to their toxicity during fabrication and use of plastic material. This can have harmful effects on the environment and human
health, as certain compounds can migrate out of plastics U213 Examples of such additives include phthalate
plasticizers and brominated flame retardants 1413816 On the other hand, the global plastic waste crisis requires urgent
action from science and industry to manage plastic waste through reuse, recycling, or upcycling 2. These methodologies
involve modifying thermoplastic polymers, including polymers used during the melting stage, which requires high
temperatures. However, these processes can produce undesirable changes in the properties of plastics due to various
factors, including thermal and oxidative degradation, as well as microstructural changes 18119,

Therefore, there is a growing interest in developing efficient techniques to modify thermoplastic materials by adding
desired functionalities using low-content additives and avoiding detrimental reactions during their processing 2221 Sych
a technique relies on the solid-state modification (SSM) of polymeric materials, which exploits the mobility of the
amorphous phase within semi-crystalline polymers [22. This method involves using mechanical forces to drive through the
incorporation of monomers or oligomers into the amorphous phase of the polymer through multiple exchange reactions
(23], The temperature plays a critical role during this process as it needs to be above the Tg of the semi-crystalline polymer
and close to its Tm. The exchange reactions mainly occur in the amorphous phase, which means that the main crystalline
phase and its associated properties remain unaffected. This technique can be considered a post-synthetic modification
method that allows for the preservation and/or modulation of desired properties.



2. Thermo-Mechanochemistry: A Scientific Field That Can Be Focused on
Solid-State Modification through Mechanical Means

SSM is a technique that has not been widely explored in the literature, despite being at the forefront of thermo-
mechanochemistry. It involves modifying polymeric matrices after synthesis to extend their range of applications or
improve a specific targeted property. This technique is related to solid-state polymerization, which increases the molecular
weight of semi-crystalline polycondensates. SSP is commonly used in the production of glass fiber-reinforced PET grades
(241 This technique enables the formation of copolymers without requiring a high-temperature melt polycondensation
reaction. This process demands the precise control of reaction parameters and significant thermal stability. SSM involves
heating the starting material in an inert atmosphere or vacuum to a temperature below its melting point. This temperature
is high enough to initiate and propagate the exchange reaction in the presence of a comonomer. However, the material
must be above its glass transition temperature to ensure enough mobility of the end groups in the amorphous phase. It is
also essential to prevent the crystalline phase from participating in the reaction. The image of Figure 1 illustrates this
basic principle (221,
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Figure 1. Schematic representation of solid-state modification.

The reaction mechanisms involved in SSM are similar to those in melt modification (Figure 2) [23. However, a solid-state
matrix is utilized as the reaction medium instead of a melt polymeric matrix. It is important to note that SSM has limitations
on end-group diffusion due to restricted mobility. This is not an issue in melt or dissolution technology. These limitations
become more severe over long reaction times when nearby functional groups already react. As a result, the concentration
and distribution of these groups are reduced locally, making the migration of unreactive chain ends crucial for the reaction
to continue. Removing condensate effectively through diffusion is crucial for achieving high SSM rates and extents.
Although internal and surface diffusion are theoretically different, they are related and influenced by similar parameters.
This is because both internal and surface diffusion eliminates concentration gradients of by-products in the reaction zone.
This eliminates depolymerization and promotes a shift in the reaction equilibrium towards the desired products 22,
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Figure 2. Schematic representation of how the same reagent can modify a polymer both in its melted and solid-state
forms.

In SSM processes, the removal of by-products is accomplished by either applying a vacuum or through the convection
caused by an inert gas at atmospheric pressure. The oligomers that are formed during the reaction can sublimate into the
gas phase along with the condensate. This process can also involve heating the mixture under a continuous flow of inert
gas (open system), which promotes the removal of by-products. During SSM (Solid State Polymerization) processes, the
elimination of by-products is achieved either by using a vacuum or the convection created by an inert gas at atmospheric
pressure. The oligomers that are produced during the reaction can vaporize into the gas phase alongside the condensate.
The primary objectives of using an inert gas are to remove the condensate, prevent polymer oxidation by excluding
oxygen from the reactor atmosphere, and to heat the reaction mixture. The most used inert gases include nitrogen,
carbon dioxide, helium, superheated steam, and supercritical carbon dioxide. This process can also involve heating the
mixture under a continuous flow of inert gas (open system), which helps to remove by-products.

| 3. Parameters That Affect the Solid-State Modification Technique

Solid-state modification is a complex process, and several parameters can be controlled to attain the desired polymer
material. These parameters include temperature, gas flow, vacuum applied, crystallinity, catalysts, and others. The factors
that impact the SSM technique are listed below 23],

3.1. Temperature

The temperature at which the SSM process occurs is a crucial factor that impacts almost all other process stages 2. The
reaction temperature mainly affects the reaction kinetics (28, Maintaining a temperature range optimal for maximizing the
reaction rate while avoiding undesired reactions such as partial melting, sticking, or cyclization is crucial. However, if the
monomer has a high melting temperature, the temperature range can be broader, and the impact of temperature on the
process rate is minimized. It is not feasible to carry out SSM on polymers with a melting temperature that is too low 28],
Raising the temperature of a process quickens its overall rate, the chemical reaction, and the movement of terminal
functional groups and mass transport 22250261 However, the temperature should not be too close to the melting
temperature to avoid particle agglomeration. In summary, the reaction should be conducted above the glass transition
temperature and between 10 °C to 40 °C below the melting temperature of the crystalline phase of the prepolymer
(Figure 3) to prevent particle agglomeration [241251127],
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Figure 3. Schematic representation of desirable temperature to carry out the SSM.

3.2. Atmosphere

SSM can be carried out using either a vacuum or an inert gas, such as nitrogen. The main objectives of these reaction
conditions are to remove by-products, inhibit polymer oxidation by excluding oxygen from the reactor atmosphere, and
heat the reaction mass (in the case of gas flow only). The difference between these two methods is that for vacuum, the
rapid removal of by-products is affected by the applied pressure, while for gas flow, it depends on the flow rate of the inert



gas used. In SSM processes, the commonly used inert gases include nitrogen, carbon dioxide, helium, and superheated
steam (28], When performing the solid-state modification process, it is important to take into account the characteristics of
the inert gas being used, since they may have an impact on the process. SSM can be carried out in two different ways:
either under a continuous flow of inert gas, which is referred to as an open system and is primarily focused on removing
by-products, or under a stagnant inert gas atmosphere, which is known as a closed system and helps to limit the loss of
monomers and oligomers 22129,

3.3. Crystallinity

Crystallinity plays a crucial role in SSM as it impacts the movement of chain end groups and the diffusion of by-products.
The effect of crystallinity on the rate of SSM is two-fold. Higher crystallinity levels result in an increased concentration of
end groups released into the amorphous phase, which in turn leads to an acceleration of the reaction rate 24, The
polymer chains become less mobile as the reaction progresses due to increased crystallinity. This decrease in mobility
slows down the rate of SSM. When reactions are limited by by-product diffusion, high crystallinity also reduces the rate of
SSM. However, in processes controlled by chemical reactions, high crystallinity actually increases the rate of SSM due to
the concentration of end groups in the amorphous phase B, In order to prevent particles from sticking together, it is
necessary for them to have a high level of crystallinity. In particle agglomeration, particles must have sufficiently high
crystallinity B2, Furthermore, it has been shown for many years that semi-crystalline polymers can be described using a
three-phase model. This means that they contain a crystalline phase and an amorphous phase. However, the amorphous
phase is divided into two zones: a mobile and a rigid amorphous zone, as shown in Figure 4 B3, The exchange reactions
should occur in the more mobile zones that can better tolerate changes B9,
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Figure 4. Schematic representation of three-phase model, i.e., mobile amorphous fraction (MAF), the rigid amorphous
fraction (RAF) and the crystalline fraction (CF).

3.4. Catalysts

Catalysts are crucial for the rate of polymerization and modification reactions. Their role extends beyond simply
accelerating reactions. They also contribute to the quality and properties of the final polymer product by influencing the
chain initiation and growth, as well as the interactions among the polymer constituents. Additionally, catalysts can lead to
complete conversions of specific groups, significantly impacting the polymerization rate, as observed with phase-transfer
catalysts B4, This ability to control reaction rates is crucial, especially in processes where removing by-products like water
is necessary for the desired reaction outcomes 22, The incorporation of catalysts into the polymerization process can be



done at different stages. They can be added during the production of the prepolymer or while melting the prepolymer,

providing flexibility in controlling the polymerization process. This versatility allows for a tailored approach to achieve

specific properties and characteristics in the final thermoplastic polymer product 22,
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