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Preface

It is with great pleasure and deep appreciation that we present to you this Special Issue

of the Special Collection entitled ”Editorial Board Members’ Collection Series: Polymer Physics

and Theory”. This publication represents an outstanding collaborative effort, orchestrated by the

distinguished members of our Editorial Board, with the aim of highlighting significant advances and

key discoveries in the field of polymer science.

This initiative was conceived with the ambition of compiling high-quality research papers

solicited and invited by the members of our Editorial Board. The aim was to provide a platform for the

exchange of comprehensive reviews and original articles that address the diverse topics covered by

Polymers. This Special Issue covers a wide range of topics. These include the pioneering development

of multiscale methodologies and groundbreaking theories, as well as the implementation of efficient

algorithms and machine learning schemes that elucidate structure–property relationships with new

clarity. In addition, we have placed a special emphasis on experimental studies devoted to the

formulation and characterization of novel polymeric materials, not to mention innovations in

instrumentation.

This collection is enriched by articles that navigate the frontiers of polymer science, from

investigating the behavior of polymer blends to biomedical applications, particularly drug

delivery via star polymer-based polyplexes. It explores the mechanical properties of epoxy-based

nanocomposites and the fluid dynamics of rod-like particles, paving the way for industrial

optimization. Sustainability is a focus, with studies of natural polymers against pollutants and

advanced plastic recycling, including 3D printing. Research concerning low-density polyethylene

films and epoxy/graphene composites rethinks material strength and resilience. Finally, critical

analyses of viscoelastic interactions and the tribological performance of nitrile-butadiene rubber seals

under hydrothermal aging challenge established knowledge. Each piece contributes a vital thread

to the state of the art of polymer research, highlighting innovations ranging from improvements in

mechanical properties to the environmental and sustainability challenges facing the industry.

We would like to express our deepest gratitude to all the authors for their significant

contributions that have broadened the horizons of polymer science. We are also grateful to the

reviewers for their expertise and dedication in ensuring the scientific quality and rigor of the

published papers. Special thanks go to Mr. Alan Cui and the entire Polymers staff for their invaluable

support and dedication throughout the publication process.

Under the wise leadership of Prof. Dr. Fahmi Zaı̈ri, Prof. Dr. Matthias Ballauff, Prof. Dr. Ulrich

Maschke, and Prof. Dr. Rufina G. Alamo, this Special Issue aims to be not only a testament to the

current state of research in the field of polymer science, but also a source of inspiration for future

innovations.

As you open this Special Issue, we invite you to explore the depths of polymer science, an

ever-evolving field that continues to shape the world around us. Let this collection inspire your next

steps in research and innovation, and foster the ongoing pursuit of knowledge and breakthroughs.

Fahmi Zaı̈ri, Matthias Ballauff, Ulrich Maschke, and Rufina G. Alamo

Editors
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Abstract: The formation of (bio)molecular condensates via liquid–liquid phase separation in cells
has received increasing attention, as these aggregates play important functional and regulatory roles
within biological systems. However, the majority of studies focused on the behavior of pure systems
in bulk solutions, thus neglecting confinement effects and the interplay between the numerous
molecules present in cells. To better understand the physical mechanisms driving condensation in
cellular environments, we perform molecular simulations of binary polymer mixtures in spherical
droplets, considering both monodisperse and polydisperse molecular weight distributions for the
longer polymer species. We find that confinement induces a spatial separation of the polymers
by length, with the longer ones moving to the droplet center. This partitioning causes a distinct
increase in the local polymer concentration near the droplet center, which is more pronounced in
polydisperse systems. Consequently, the confined systems exhibit liquid–liquid phase separation at
average polymer concentrations where bulk systems are still in the one-phase regime.

Keywords: phase separation; polymer mixture; droplet; protocell; confinement; molecular simulation;
PEG; Dextran

1. Introduction

The liquid–liquid phase separation (LLPS) of (bio)molecules in living cells has at-
tracted much attention as a mechanism for intracellular organization via the formation of
biomolecular condensates [1,2]. To elucidate the underlying mechanisms of LLPS, bulk
solutions of purified biomolecules from cells have been analyzed extensively over the past
decade. Although such in vitro studies facilitate the analysis of LLPS and comparisons with
theoretical models [3], they systematically ignore confinement effects and the molecular
diversity encountered in cellular environments [4]. For example, broad molecular weight
distributions can have a profound impact on the phase behavior of polymers, e.g., leading
to the self-assembly of monodisperse micelles from polydisperse surfactants [5] or the
fractionation of polymer chains by molar mass in solutions near criticality [6,7]. Typically,
the demixing of polymers becomes more pronounced in confinemenet due to the asso-
ciated spatial inhomogeneity [8]. For example, simulations of binary polymer mixtures
in spherical droplets have revealed an entropy-driven spatial segregation of the confined
polymers based on their molecular weight, stiffness, and/or topology [9–11]. It is thus
important to understand the phase behavior of confined systems for designing experiments
and understanding the physical mechanisms driving LLPS in cellular environments.

Experimentally, confinement effects have been studied using DNA-based proto-
cells [12,13] or water-in-oil droplets containing polymer mixtures such as polyethylene
glycol (PEG) and bovine serum albumin, PEG and DNA, or PEG and Dextran, serving as a
synthetic cytoplasm [14–17]. At sufficiently high concentrations, these polymer mixtures

Polymers 2023, 15, 511. https://doi.org/10.3390/polym15030511 https://www.mdpi.com/journal/polymers1
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separate into two coexisting aqueous compartments, which can be used to localize addi-
tional components such as proteins [14,15]. Recently, Watanabe et al. systematically studied
the phase coexistence of PEG–Dextran mixtures in cell-sized droplets, discovering that the
two-phase coexistence region in small droplets extends to much lower PEG and Dextran
concentrations compared to bulk systems [18]. The bulk behavior was only recovered
for rather large droplets with radii R > 20μm. They speculated that this R-dependent
phase separation stemmed from a confinement-induced partitioning of the polymers. To
elucidate the origin of this confinement-induced LLPS, we simulate PEG–Dextran mixtures
in spherical confinement at two different droplet radii.

2. Simulation Model

We perform dissipative particle dynamics (DPD) simulations [19–21] using a coarse-
grained polymer model in an explicit solvent. The simulations contain three different
particle types, i.e., P (PEG), D (Dextran), and W (water), which are equal in their diameter a
and mass m. To approach experimental length- and time-scales, we model each PEG chain
as a single spherical bead of diameter a, as shown schematically in Figure 1. To facilitate a
direct comparison with experiments, we have chosen polymer sizes similar to previously
conducted experimental studies [18,22].

Figure 1. Schematic representation of the model, illustrating the coarse-graining of PEG and Dextran
polymers.

To establish a mapping between experiments and simulations, we first estimated the
characteristic size of a PEG chain in solution: the mass and length of a Kuhn segment of PEG
are mP

K = 0.137 kg/mol and bP
K = 1.1 nm, respectively, resulting in NK ≡ Mw/mK ≈ 44

Kuhn segments for a PEG chain with molecular weight MP
w = 6 kg/mol. At θ-conditions,

the root-mean-square radius of gyration can be estimated as Rg = bK(NK/6)1/2, resulting
in a value of RP

g ≈ 3.0 nm. The DPD particles representing water have the same diameter a,
and thus contain roughly 3700 water molecules. The Dextran chains are modeled as linear
chains consisting of DPD particles with diameter a because the branches of Dextran are, on
average, typically shorter than three glucose units [23] and therefore cannot be resolved
at this level of coarse-graining (see Figure 1). We determined the number of DPD beads
per Dextran chain, ND, by matching RD

g from single-chain simulations to experimental Rg
measurements; in ref. [24], Rg was derived from self-diffusion coefficient measurements of
Dextran chains in water at T = 293 K, with molecular weights ranging between 4 kg/mol
and 464 kg/mol. By extrapolating their data, we estimated Rg = 23.8 nm for a Dextran
chain with 500 kg/mol, which leads to ND = 80 for our simulation model. Hence, roughly
40 Dextran monomers are mapped to one DPD bead.

Thus, each DPD particle effectively represents a coil-like polymer segment, which
typically interact with each other via soft and bounded pair potentials [25–27]. Therefore,
we use the standard soft repulsion for the conservative forces acting between bonded and
non-bonded DPD beads

fm(r) =

{
Aij(1 − r/a)r̂, r ≤ a
0, r > a,

(1)

2
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where r is the distance between the two particles, and r̂ is the unit vector connecting the
two. The parameter Aij controls the repulsion strength between particles of type i and j
and has been set according to [21]

Aij = Aii + 3.497χij, (2)

with Aii = 25 kBT/a and Flory–Huggins interaction parameter χij (the values for χij are
discussed in Section 3.1 below). This specific value for Aii was originally determined by
Groot and Warren to match the compressibility of water [21], but since then, this choice has
been widely used to model other (incompressible) liquids and polymer melts [28–31].

Neighboring monomers within a Dextran chain are bonded through harmonic springs
with force

fb(r) = −kr. (3)

Note that the individual beads should not be regarded as single monomers, but rather
as fluid elements containing several chain segments. Thus, the harmonic springs between
DPD particles do not represent covalent bonds between monomers, but instead ensure the
connectivity of the Dextran chains. We use a soft spring constant k = 4 kBT/a2 [28], which
is consistent with the typical free energy associated with deforming a polymer in the blob
model [32].

In addition to these two conservative forces, all particles are subjected to pairwise
dissipative and random forces

fd(r) = −γijω(r)(r̂ · Δv)r̂, (4)

fr(r) =
√

γijω(r)ξ r̂, (5)

with drag coefficient γij, and velocity difference between two particles Δv. The parameter
ξ is a uniformly distributed random number drawn for each particle pair, with zero mean
〈ξ(t)〉 = 0 and variance 〈ξ(t)ξ(t′)〉 = 2kBTδ(t − t′) to satisfy the fluctuation-dissipation
theorem. For simplicity, we used the same drag coefficient γij = γ = 4.5

√
mkBT/a for all

particles, and the standard DPD weight function [21]

ω(r) =

{
(1 − r/a)2, r ≤ a
0, r > a.

(6)

For the droplet simulations, all beads are confined to a spherical container with radius
R by applying a purely repulsive Weeks–Chandler–Andersen (WCA) potential [33]

UWCA(r′) =
{

4kBT
[( a

r′
)12 − ( a

r′
)6

+ 1
4

]
, r′ ≤ 21/6a

0, r′ > 21/6a
, (7)

where r′ is the distance between the droplet surface and the center of a bead. In all
simulations, the particle number density was set to ρ = 3 a−3. The equations of motion
were integrated using a time step of Δt = 0.02 τ, with the unit of time being τ. Each
simulation was run for at least 107 time steps, and three independent simulations were
performed for each parameter set to improve the statistics and determine measurement
uncertainties.

3. Results

3.1. Parameterization and Bulk Phase Behavior

To faithfully reproduce experimental conditions, we first needed to determine the
interaction parameters for the PEG (P), Dextran (D), and water (W) particles (see Section 2).
Following previous simulation studies [34,35], we used a Flory–Huggins interaction param-
eter of χP−W = 0.3 for the PEG-water interactions, which was extracted from experimental

3
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phase coexistence measurements by Saeki et al. [36]. We took χD−W = 0.50 for the Dextran–
water interactions, derived from experimental vapor-pressure measurements at T = 298 K
conducted by Bercea et al. [37]. This value is in excellent agreement with previous findings
by Clark [38], who applied a Flory–Huggins theory-based analysis to experimental tie line
data of PEG–Dextran mixtures in water at T = 298 − 300 K [39,40]; Clark also extracted
the PEG–Dextran interaction parameter from his analysis, i.e., χP−D = 0.031 ± 0.007. Note
that the physically relevant quantity for a pair of polymers is the combined Flory–Huggins
parameter χN [32], and thus a scaled interaction parameter χeff

P−D ≈ 1.23 needs to be used in
the simulations to reach the same (χN)P−D ≈ 100 as in the experiments, since we mapped
about 40 Dextran monomers onto one DPD particle. Given the uncertainties in extracting
χij from experiments, and the high degree of coarse-graining of our model, it was, however,
unclear whether this initial parameterization would faithfully reproduce the interactions
between the PEG and Dextran chains in water.

To test (and tune, if necessary) the interaction parameters of our coarse-grained model,
we first attempted to reproduce the experimentally known phase behavior [18,41] of aque-
ous PEG–Dextran mixtures in the bulk. The groups of Dimova [41] and Yanagisawa [18]
determined the binodals of mixtures containing short PEG chains (MP

w = 6 or 8 kg/mol)
and long Dextran chains (MD

w ≈ 500 kg/mol), finding a critical concentration of slightly
below 4 wt% for PEG and 4 wt% for Dextran. Initially, we simulated bulk systems at two
concentrations, i.e., cP = 3 wt% for PEG and cD = 3 wt% for Dextran, where we expected a
single mixed phase, and at cP = 4 wt% and cD = 4 wt%, where the polymers should phase
separate. We performed simulations in a cubic box with an edge length of L ≈ 360 nm
and applied periodic boundary conditions to all three Cartesian directions. The systems
were initialized by placing all PEG particles and Dextran chains in opposite halves of the
simulation box and were then run until the density profiles did not change anymore. For
χeff

P−D = 1.23, we found a single phase at both concentrations, which indicates that the
initially chosen χeff

P−D value was too small. Therefore, we iteratively increased χeff
P−D until

we observed aggregation of the Dextran chains at the higher concentration and observed
a fully mixed system at the lower concentration. This was achieved for χeff

P−D = 18.6
(Figure 2), which is about 15 times larger than our initial estimate for the PEG–Dextran
interactions.

Figure 2. (a,b) Simulation snapshot of the bulk system at (a) cP = 3 wt%, cD = 3 wt%,
and (b) cP = 4 wt%, cD = 4 wt%. Only Dextran beads shown for clarity. Snapshots rendered
using Visual Molecular Dynamics (version 1.9.3) [42]. (c) Radial concentration profile of Dextran
monomers cD(r) in the largest Dextran aggregate.

To quantify the size and concentration of the Dextran condensates, we performed
a cluster analysis using the density-based spatial clustering of applications with noise
(DBSCAN) algorithm [43]; here, Dextran monomers are assigned to the same aggregate
if their distance is smaller than 7 nm, which roughly corresponds to the position of the
first minimum of the radial distribution function g(r) between Dextran particles and all
other particle types. To establish a baseline, we performed additional simulations of ideal
mixtures by setting χij = 0. Figure 2c shows the radial concentration profile cD(r) of
Dextran monomers belonging to the largest cluster identified in the system. For the system
at cP = 4 wt% and cD = 4 wt%, this analysis revealed one large droplet with a Dextran

4
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concentration of about 35 wt% in its core. In contrast, the cluster identified at cP = 3 wt%
and cD = 3 wt% was much smaller and more diluted, and the resulting concentration
profile resembled that of an ideal Dextran chain in solution. To characterize the size of the
aggregates in more detail, we also computed the average number of Dextran monomers
in a cluster, 〈M〉. For the the ideal mixtures, this analysis yielded 〈M〉0 ≈ 100, which
is comparable to the number of monomers per Dextran chain (ND = 80). For the less
concentrated system with χij 	= 0, we found 〈M〉 ≈ 400, which indicates the formation of
small intermittent clusters. In contrast, at cP = 4 wt% and cD = 4 wt%, we found a much
larger value of 〈M〉 ≈ 4800.

The discrepancy between the initial estimate and the final value of χeff
P−D is rather

large, and we can only speculate about its origin: Clark extracted χP−D from experimental
coexistence curves using Flory–Huggins solution theory [38], which ignores the polymer ar-
chitecture and thus the branching of the Dextran chains. Further, a monodisperse molecular
weight distribution is assumed in his treatment, although generally available Dextran poly-
mers typically have a broad molecular weight distribution [7,17,18,22,44]. Finally, we used
a rather coarse-grained description, which maps about 40 monomers onto a single bead,
resulting in a larger entropy of mixing in the simulations compared to the experiments [32].
To compensate for these effects, we will use χeff

P−D = 18.6 in the following. Figure 3 shows
the resulting phase coexistence results from our simulations compared to experiments [18],
which are in excellent agreement with each other, thus further corroborating the appropriate
parameterization of our simulation model.

Figure 3. Phase diagram of PEG–Dextran blends in bulk from (a) simulations and (b) experiments [18].
The dotted lines indicate the estimated binodal. Simulation data are generated from monodisperse
systems with MP

n = 6 kg/mol and MD
n = 500 kg/mol, while experimental data were gathered for

blends with MP
w = 6 kg/mol and MD

w = 500 kg/mol.

3.2. Phase Behavior in Confinement

In recent experiments by Watanabe et al., the confinement-induced phase separation
of PEG–Dextran mixtures was observed for droplets with radii R < 20μm [18]. Simu-
lating such large droplets is computationally infeasible, even at the employed level of
coarse-graining (see Methods section), as roughly 7 × 109 particles would already be
needed to represent a droplet with R = 5μm. Therefore, we performed simulations at
two smaller radii, i.e., R ≈ 260 nm and R ≈ 380 nm, which should still allow us to capture
the effect of confinement on the phase behavior. Further, we considered mixtures con-
taining either monodisperse or polydisperse Dextran chains, since high-molecular-weight
Dextran usually has a broad molecular weight distribution; for example, the Dimova
group used Dextran chains with Mw ≈ 380 − 490 kg/mol and dispersities in the range
of Ð ≡ Mw/Mn ≈ 1.8 − 2.2 [7,41,44], while the Yanagisawa group used Dextran with
Mw ≈ 500 kg/mol and Ð ≈ 3.1 [17,18]. In our simulations with polydisperse Dextran
chains, we drew the molecular weight of each polymer from a Gaussian distribution, target-
ing Ð ≈ 1.5 and Mn ≈ 500 kg/mol. The PEG chains were kept monodisperse throughout,
which is consistent with the rather small polydispersity of Ð ≈ 1.1 reported in the experi-
mental literature for low-molecular-weight PEG [7,17,44]. In all simulations, we selected
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the number of PEG and Dextran chains so that cP = 3 wt% and cD = 3 wt%, averaged over
the entire droplet volume, which lies in the mixed one-phase regime of the bulk phase
diagram (see Section 3.1).

To study the spatial distribution of the PEG and Dextran polymers in the droplet, we
first calculated the radial monomer concentration profiles c(r) of the two species (Figure 4),
which reveal several important features: (i) in all cases, there is a local surplus and layering
of PEG near the droplet surface, which is typical for short molecules close to hard walls [45].
In contrast, the long Dextran polymers are depleted from the droplet surface because of
the associated loss in conformational entropy in that region [11]. In the monodisperse case,
the width of this depletion zone is roughly 2 RD

g ≈ 50 nm, with RD
g ≈ 23.8 nm being the

radius of gyration of a Dextran chain at infinite dilution. In contrast, the excluded region
is much wider for the polydisperse case due to the broader RD

g spectrum; (ii) as a result,
the Dextran concentration in the droplet center becomes distinctly larger than the average
value (3 wt%), reaching almost 8 wt% for the polydisperse case in the small droplets (see
Figure 4). By comparison, the concentration of PEG chains near the droplet center is only
slightly below the average. (iii) As expected, the effect of confinement is significantly more
pronounced in the smaller droplet, since the region close to the droplet surface occupies
a larger volume fraction, i.e., 1 − (R − 2RD

g )
3/R3 ≈ 0.45 for R = 260 nm vs. ≈ 0.33 for

R = 380 nm.

Figure 4. Radial monomer concentration profiles for droplets with (a) R ≈ 260 nm and
(b) R ≈ 380 nm. Solid and dashed lines show simulation results for monodisperse and polydis-
perse Dextran chains, respectively. The horizontal dashed grey line indicates the average polymer
concentration of each species (3 wt%).

We analyzed the shape of the confined Dextran chains by computing their radius of
gyration tensor

G =
1

ND

ND

∑
i

ΔriΔrT
i , (8)
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with Δri being the position of monomer i relative to the polymer’s center of mass. The

root-mean-square radius of gyration is then Rg ≡
〈

R2
g

〉1/2
= 〈Gn + 2Gt〉1/2, where Gn

and Gt are the components of G normal and tangential relative to the droplet surface,
respectively. Figure 5 shows these components for monodisperse Dextran vs. the distance
between the polymer’s center of mass and the droplet surface. Polymers at distances larger
than ≈ 2 Rg have isotropic shapes, 〈Gn〉1/2 = 〈Gt〉1/2 ≈ 12 nm, whereas they become
increasingly compressed along the normal direction as they approach the droplet surface
(the tangential component is nearly constant). Further, chain conformations in the small
and large droplets are almost indistinguishable.

Figure 5. Radial profiles of the radius of gyration of monodisperse Dextran, Rg, and its normal
(〈Gn〉1/2) and tangential (〈Gt〉1/2) components relative to the droplet surface. Data plotted against
the distance between the droplet surface and the polymer’s center of mass, r′. Solid and dashed lines
show results for R ≈ 260 nm and R ≈ 380 nm, respectively.

The confinement-induced increase in the polymer concentration near the droplet
center could induce a phase separation of the PEG and Dextran chains there, as the local
polymer concentration might cross the binodal of the mixtures (cf. Figure 3). Figure 6 shows
simulation snapshots for the monodisperse and polydisperse systems confined in large
droplets: while the monodisperse system appears to be still in the mixed one-phase regime,
we can clearly see large Dextran aggregates in the polydisperse case, which is in excellent
agreement with recent experiments by Watanabe et al. [18]. Looking more closely at the
simulation snapshot, we can see that the aggregates in the polydisperse systems primarily
consist of longer Dextran chains, whereas the shorter ones still remain well dispersed.
Zhao et al. observed a similar molar mass fractionation in aqueous two-phase polymer
solutions of PEG and Dextran [7], where the longer Dextran chains accumulated in the
Dextran-rich phase, while the shorter Dextran chains were contained in the PEG-rich phase.

To better understand the distinct differences between the behavior of the monodisperse
and polydisperse mixtures, we determined the probability P(r) of finding Dextran chains
at center-of-mass position r, itemized by their molecular weight. These results are shown
in Figure 6b,c for both droplet sizes, revealing a distinct spatial fractionation of the Dextran
chains: short polymers with Mn < 250 kg/mol are distributed almost homogeneously
throughout the droplet and also come much closer to the droplet surface compared to
the longer chains. In contrast, longer Dextran chains are moving to the droplet center
to maximize their conformational entropy. These findings are consistent with recent
experiments [18], where Watanabe et al. inferred from surface tension measurements
that short Dextran chains (Mw 
 500 kg/mol) preferentially adsorbed to the droplet
surface. This radial partitioning of short and long Dextran chains promotes their phase
separation, as longer chains have a distinctly smaller entropy of mixing compared to their
shorter counterparts [32].
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Figure 6. (a) Simulation snapshot of the confined systems (R ≈ 380 nm, indicated by dashed circle).
The top half shows the monodisperse case with Dextran chains colored in red. The bottom half
shows the polydisperse case with Dextran chains colored according to their molecular weight as in
panels (b,c). Water and PEG particles have been omitted for clarity. (b,c) Probability P(r) to find a
Dextran chain in the specified molecular weight range at center-of-mass position r in a droplet with
(b) R ≈ 260 nm and (c) R ≈ 380 nm. The shaded area indicates the standard deviation from three
independent runs. The dashed black line shows the distribution of the monodisperse case.

Finally, we quantified the size of the aggregates through the radial concentration pro-
file cD(r) of Dextran monomers belonging to the largest cluster, and through the average
number of Dextran monomers in a cluster, 〈M〉, as explained in Section 3.1 above. To
establish a reference, we performed additional simulations of ideal mixtures by setting
χij = 0 and determined the corresponding mean aggregation number 〈M〉0. The concentra-
tion profiles are shown in Figure 7, revealing that the Dextran clusters in the polydisperse
confined systems are much larger and more concentrated compared to the monodisperse
systems in bulk as well as in confinement.

Figure 7. Radial concentration profile of Dextran monomers cD(r) in the largest Dextran aggregate in
bulk and droplet systems (R ≈ 380 nm) at overall average concentration cP = 3 wt% and cD = 3 wt%.

Table 1 summarizes the results of 〈M〉 for all droplet simulations, which will be
discussed in the following: For ideal mixtures with monodisperse Dextran chains, we
find 〈M〉0 ≈ 100, which is comparable to the number of monomers per Dextran chain
(ND = 80). This value is sensible given that χij = 0 and that the search radius of the
clustering algorithm is slightly larger than the average segment length of our Dextran
model (b ≈ 5.5 nm). For polydisperse Dextran in the smaller droplets (R = 260 nm), the
mean aggregation number increases to 〈M〉0 ≈ 380 due to an accumulation of longer
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Dextran chains in the droplet center, even at ideal conditions. This effect is considerably
less pronounced in the larger droplets (cf. Figure 6), where we find 〈M〉0 ≈ 110 instead.
For the non-ideal mixtures with monodisperse Dextran, we find 〈M〉 ≈ 1300 − 1600, which
indicates the existence of small aggregates consisting of 15 − 20 Dextran chains (there
are, in total, 348 and 1175 Dextran chains in the small and large droplets, respectively).
The mean aggregation number becomes significantly larger in polydisperse PEG–Dextran
mixtures, reaching values up to 〈M〉 ≈ 10, 000. Interestingly, 〈M〉 is about two times
smaller in the smaller droplets (see Table 1), which is likely a finite-size effect, as the smaller
droplets contain about three times fewer Dextran chains compared to the large droplets.
Nevertheless, both systems show clearly that the confinement-induced fractionation of short
and long Dextran chains drives phase separation, as observed in recent experiments [18].

Table 1. Mean number 〈M〉 of Dextran segments in a Dextran aggregate (〈M〉0 corresponds to ideal
mixtures with χij = 0).

Monodisperse Polydisperse

R 〈M〉 〈M〉0 〈M〉 〈M〉0

260 nm 1600 ± 60 100 ± 5 5300 ± 1200 380 ± 20
380 nm 1300 ± 30 97 ± 4 9800 ± 1600 110 ± 3

4. Conclusions

To better understand the phase behavior and conformations of (bio)polymers in
droplets, we have performed coarse-grained molecular simulations of binary polymer
mixtures in spherical confinement. We have parameterized our model to closely mimic the
behavior of aqueous PEG–Dextran mixtures and have considered both monodisperse and
polydisperse molecular weight distributions for the Dextran chains. Simulations have been
conducted for two droplet sizes at polymer concentrations lying in the mixed one-phase
region in bulk. In spherical confinement, we have found a distinct spatial separation
of the polymers by length, with the longer ones accumulating at the droplet center to
maximize their conformational entropy. Furthermore, chains near the droplet surface
became increasingly compressed along their normal direction. This confinement-induced
partitioning was much more pronounced in the polydisperse systems and caused the phase
separation of the two polymer species at average polymer concentrations where the bulk
system was still in the one-phase regime.

Although we have chosen the model parameters to replicate PEG–Dextran mixtures,
the rather generic nature of our coarse-grained model makes our results applicable to a wide
range of different polymer mixtures. Our simulations demonstrate how the distribution
of polymers is affected by confinement effects, even at good solvent conditions, with
longer chains moving to the droplet center to maximize entropy. The resulting spatial
inhomogeneity can drastically alter the phase behavior of the confined polymers, which
is important for understanding, e.g., the liquid–liquid phase separation of biopolymers
in cellular environments. Furthermore, our simulations provide useful guidelines for the
fabrication of polymer-loaded droplets. For example, by tuning the interactions between
the droplet surface and the different polymer species, one can either enhance or suppress
their spatial separation and thus control the resulting phase behavior and surface tension.
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Abstract: The interactions of two star polymers based on poly (2-(dimethylamino)ethyl methacrylate)
with different types of nucleic acids are investigated. The star polymers differ only in their function-
ality to bear protonable amino or permanently charged quaternary ammonium groups, while DNAs
of different molar masses, lengths and topologies are used. The main physicochemical parameters of
the resulting polyplexes are determined. The influence of the polymer’ functionality and length and
topology of the DNA on the structure and properties of the polyelectrolyte complexes is established.
The quaternized polymer is characterized by a high binding affinity to DNA and formed strongly
positively charged, compact and tight polyplexes. The parent, non-quaternized polymer exhibits
an enhanced buffering capacity and weakened polymer/DNA interactions, particularly upon the
addition of NaCl, resulting in the formation of less compact and tight polyplexes. The cytotoxic
evaluation of the systems indicates that they are sparing with respect to the cell lines studied includ-
ing osteosarcoma, osteoblast and human adipose-derived mesenchymal stem cells and exhibit good
biocompatibility. Transfection experiments reveal that the non-quaternized polymer is effective at
transferring DNA into cells, which is attributed to its high buffering capacity, facilitating the endo-
lysosomal escape of the polyplex, the loose structure of the latter one and weakened polymer/DNA
interactions, benefitting the DNA release.

Keywords: gene delivery; star-shaped polymers; amino functionality; DNA structure; polycations;
polyplexes; transfection

1. Introduction

The delivery of nucleic acids is of great importance since it enables the development
of modern therapeutic drugs and treatment strategies [1–4]. Nucleic acid transfer, however,
is related to the use of vectors as vehicles to deliver the genetic material into the cells.
Although approved therapies with viral vectors already exist [5], preference is currently
given to non-viral carriers [6–8], since they display significant advantages and potential
benefits including a controllable chemical diversity, possibilities for low costs, large-scale
production in a more facile way, a larger payload capacity, better safety profiles and a
reduced immunogenic response.

Cationic polymers are a major class of non-viral vectors for nucleic acids
delivery [9–11]. Various polymer-based systems have been developed and studied as
potential DNA carriers, though they have some limitations, which hinder their practical
use [9–11]. The potential of cationic polymers containing amino or ammonium functionality
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is due to their ability to bind and condense negatively charged nucleic acids through electro-
static interactions. In the resulting nanoparticulate structures, known as polyplexes, nucleic
acids molecules are compacted and protected from enzymatic degradation. Such compact
structures facilitate the uptake, but for efficient delivery, a successful release of the nucleic
acids’ cargo molecules is required. The polymer complexation ability is known to strongly
depend on the amino functionality [7,9,11,12]. For example, quaternary ammonium groups
and primary amine groups, most of which are protonated at the physiological pH, are
permanently charged and characterized by a high binding affinity [13,14]. However, the
nucleic acid release from the polyplexes is impeded by strong polymer/nucleic acid interac-
tions. Polymers bearing secondary and tertiary amine groups form less strong complexes,
but since these amine groups can be protonated, depending on pH of the medium, they
are responsible for the successful endosomal escape of the polyplex and more efficient
transfection [15,16]. The polymer/nucleic acid interactions are also known to depend on
the molar mass of the two partners [17–22]. It has repeatedly been shown that the longer
the polymer chain is, the stronger the nucleic acid binding affinity is [17–20]. The impact of
the nucleic acid strands scale is significant as well [18,20–22]. Short linear DNA fragments
(below 100 bp) are rigid and unable to bend spontaneously, whereas the longer molecules
are flexible and capable of being shrunk and wrapped [23,24].

A number of physicochemical parameters of the resulting polyplexes, e.g., size, sur-
face potential, colloidal stability in biological fluids, etc., are determinant factors for the
biological performance of the systems [25]. However, a remaining challenge for the clinical
utilization of such systems is the inherent cytotoxicity of the polyplexes due to the cationic
character of the polymers utilized. Therefore, achieving a proper balance between a high
transfection efficiency and a low toxicity profile is of significant importance. This relation-
ship is known to strongly depend not only on the amino functionality (primary amino
and quaternary ammonium groups are usually associated with high toxicity), but also on
factors such as polymer composition, structure and topology, charge density, etc. [9,12,26].
Thus, polymers of branched topology were found to be more effective than the linear ones
are, but they were also more toxic [27,28]. The molar mass is also known to strongly affect
the efficiency/toxicity ratio, as high molar mass vectors are more effective, but they are
associated with enhanced toxicity [26,29]. The type (RNA or DNA), structure (single or
double stranded) and topology (linear or circular) of nucleic acids are also determinants of
the behavior and physicochemical properties of the resulting vector systems [20–22].

We have previously evaluated and compared the physicochemical characteristics and
biological performance of polyplexes based on linear copolymers composed of cationic
blocks bearing tertiary amino and quaternary ammonium groups [30]. With the present
study, we expand this work to investigate polymers of non-linear chain architecture, which,
in general, exhibit a superior gene delivery ability, and to study the effects of the nucleic
acid length and type. The aim of this work is to evaluate the interactions of two identical
star-shaped polymers bearing tertiary amino or quaternary ammonium groups with nu-
cleic acids of different molar mass and structure and to estimate how this relates to the
physicochemical and biological behavior of the resulting systems. The polymers are based
on poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)—a highly promising cationic
polymer with many desirable properties for developing efficient non-viral gene delivery
systems. Polyplexes in a wide range of N/P ratios (N/P is the ratio of the positively charged
polymer amine groups to negatively charged nucleic acid phosphate groups) were prepared
using different types of nucleic acids: short linear segments, long linear molecules and
circular/plasmid DNA. The effects of the length and topology of DNA and polymer amino
functionality on the structure and properties of the resulting polyelectrolyte complexes
were investigated by dynamic and electrophoretic light scattering. The cell viability and
morphology, as well as in vitro transfection efficiency, of the investigated systems were
evaluated using several representative human cell lines including osteosarcoma, osteoblast
and human adipose-derived mesenchymal stem cells.
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2. Materials and Methods

2.1. Materials

All of Sigma-Aldrich reagents were purchased from Merck-Bulgaria (Sofia, Bulgaria).
Linear DNA sodium salt from salmon sperm (molar mass ~ 115 bp, denoted as lDNA
115) was purchased from Acros, linear DNA sodium salt from salmon testes (molar
mass~2000 bp, denoted as lDNA 2000) was purchased from Sigma-Aldrich and plas-
mid DNA containing the gene encoding for the enhanced green fluorescent reporter pro-
tein (eGFP, molar mass~4730 bp, denoted as pDNA 4730) was purchased from Clontech
(Palo Alto, CA, USA) and propagated in E. coli DH5 alpha strain (ThermoFisher Scientific,
Walthman, MA, USA). For the preparation of DNA and polymer solutions, ultra-pure
milliQ water (resistivity > 18 MΩ.cm) was used.

2.1.1. Synthesis and Quaternization of Star-Like PDMAEMA

The synthesis of star-like poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
was achieved by RAFT polymerization using the “arm-first” method. At first, low molec-
ular weight, linear PDMAEMA arms [31] were prepared by RAFT polymerization using
2,2′-azobis(2-methylpropionitrile) (AIBN) and 4-cyano-4-((dodecylsulfanylthiocarbonyl)-
sulfanyl)pentanoic acid (CDTP) as the radical initiator and the chain transfer agent (CTA),
respectively. The linear PDMAEMA homopolymers were used as macro-CTA for the
synthesis of star-like PDMAEMA, with ethylene glycol dimethacrylate (EGDM) being the
cross-linked core. The synthetic procedure has been described in detail elsewhere [32].

To impart permanent positive charges, the tertiary amine groups of the PDMAEMA
arms were converted into quaternary ammonium groups via a quaternization reaction
using methyl iodide (CH3I). The conversion was analyzed quantitatively, and more details
about this procedure can be found elsewhere [32].

2.1.2. Preparation of Polymer Solutions

The star-like PDMAEMA polymer was placed in an aqueous medium, followed by
the addition of a weak acid (0.1 M HCl) until the full dissolution of the polymer. The
quaternized polymer was spontaneously dissolved in pure water. The pH of all of the
polymer solutions was adjusted to 7 by adding 0.1 M NaOH. The concentration of the stock
polymer solutions was 1000 μg.mL−1.

2.1.3. Polyplex Formation

The polyplexes were formed by mixing the polymer (100 μg.mL−1) and DNA
(100 μg.mL−1 for lDNAs and 50 μg.mL−1 for pDNA) aqueous solutions at ambient tem-
perature during vortexing. The amounts of polymer and DNA solutions were selected to
obtain amino-to-phosphate groups (N/P) ratios in the 0.5–10 range.

2.1.4. Cell Culture

Human osteosarcoma cell line (MG63, ATCC CRL-1427, ATCC, Manassas, VA, USA),
human osteoblast cell line (hFOBs, ATCC CRL-11372, ATCC) and human adipose-derived
mesenchymal stem cells (MSCs, ATCC PCS-500-011, ATCC) were used to test the materials.
In detail, MG63 was cultured in DMEM/F-12 with GlutaMAX (Gibco, Langley, OK, USA),
10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin-streptomycin (pen/strep,
100 U.mL−1–100 μg.mL−1); hFOBs were cultured in DMEM/F-12 without phenol red
(Gibco), with 10% Fetal Bovine Serum (FBS, Gibco) and 0.3 mg.mL−1 Geneticin (G418,
Gibco); MSCs were cultured in Alpha-MEM Glutamax (Gibco), 15% Fetal Bovine
Serum (FBS, Gibco), 10 ng.mL−1 recombinant human FGF-basic (Gibco) and
1% penicillin-streptomycin (pen/strep, 100 U.mL−1–100 μg.mL−1). The cell cultures were
kept at 37 ◦C in an atmosphere of 5% CO2. The cells were detached from culture flasks by
trypsinization, centrifuged and re-suspended in fresh media. The cell number and viability
were assessed using a trypan blue dye exclusion test; all of the cell handling procedures
were performed in a sterile laminar flow hood.
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2.2. Methods
2.2.1. Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS)

The dynamic and electrophoretic light scattering measurements were performed
on a 90Plus PALS instrument (Brookhaven Instruments Corporation) equipped with a
35 mW red diode laser (λ = 640 nm). The hydrodynamic diameter (Dh) was determined
at a scattering angle (θ) of 90◦, while the ζ potential was determined by phase analysis
light scattering (PALS) method at a scattering angle (θ) of 15◦. Each measurement was
performed in triplicate.

2.2.2. Transmission Electron Microscopy (TEM)

The samples were examined using an high resolution TEM JEOL JEM-2100 electron
microscope (JEOL, Tokyo, Japan) operating at 200 kV. They were prepared by depositing a
drop of the solution onto a carbon grid.

2.2.3. Buffering Capacity

The buffering capacity of the PDMAEMA stars was determined by standard acid-base
titration. Polymer aqueous solutions (c = 500 μg.mL−1, V = 3 mL) were prepared, and the
pH was adjusted to 10 by using 0.1 M NaOH. Then, titration with 0.1 M HCl to pH 3 was
performed as 5 μL aliquots were added, and the pH was measured after each addition.
Pure water was titrated as the control.

2.2.4. Stability of Polyplexes in Presence of Salt

To preformed polyplexes dispersions at N/P = 8, increasing amounts of NaCl solutions
in the range from 0.01 to 0.25 M were added. The stability of the complexes was monitored
by dynamic light scattering measurements.

2.2.5. Cell Viability Assay

Metabolically active cells were evaluated to assess the cell viability by performing
an MTT assay. MSCs, hFOBs and MG63 cells were seeded in a 96-well plate
(3.0 × 103 cells/well). After 24 h, polyplexes dispersions prepared with lDNAs at N/P = 8
and diluted to different concentrations (5 μg.mL−1, 10 μg.mL−1, 20 μg.mL−1, 25 μg.mL−1,
40 μg.mL−1 and 50 μg.mL−1) were added to the wells. Additional experiments were
performed with hFOBs and MG63 cells in contact with the two star-like polymers com-
plexed with the eGFP plasmid for 24 h. For the cell viability analysis, the cell culture in
contact with the polplexes was analyzed after 24 h, 48 h and 72 h. In detail, the reagent
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was dissolved in PBS
1X (5 mg.mL−1) and incubated 1:10 for 2 h at 37 ◦C and 5% CO2 at each time point. The
medium was removed and dimethyl sulfoxide (DMSO) was added to dissolve formazan
crystals produced by the metabolically active cells. After 15 min, the absorbance was read
at λmax 570 nm using the Multiskan FC Microplate Photometer (ThermoFisher Scientific,
Walthman, MA, USA), and it is proportionally related to the number of metabolically active
cells. For each time point, three samples were analyzed.

2.2.6. Cell Morphology Analysis

In a 24-well plate, 9.0 × 103 cells/well (hFOBs, MG63 and MSCs) were seeded, and
the day after, 20 μg.mL−1 of polyplexes dispersions prepared at N/P = 8 were added.
The cell morphology was evaluated by observing the actin filaments after 24 h. The cells
were washed two times with PBS 1X and fixed using 4% paraformaldehyde (Sigma) for
15 min at room temperature. Then, the fixed cells were permeabilized in PBS 1X with 0.1%
(v/v) Triton X-100 (Sigma) for 5 min at room temperature. A PBS 1X wash was performed,
and f-actin filaments were stained with FITC-conjugated fluorescein-phalloidin (LifeTe-
chonologies, Carlsbad, CA, USA), followed by DAPI (600 nM, Invitrogen, Carlsbad, CA)
counterstaining to identify the cell nuclei, following the manufacturer’s instructions. The
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samples were visualized using an inverted Ti-E Fluorescence Microscope (Nikon Corpora-
tion, Tokyo, Japan).

2.2.7. In Vitro Transfection

In a 96-well plate, 1.0 × 104 cells/well (hFOBs and MG63) were seeded. The follow-
ing day, the media were removed, and the Opti-MEM Reduced Serum Medium (Gibco)
with polyplex dispersions prepared with pDNA at N/P = 8 were added. The cells were
transfected with 800 ng plasmid DNA. The polyplex dispersions were used at the final
concentration of 20 μg.mL−1. Lipofectamine 2000 Transfection Reagent (Invitrogen) was
used as control. After 24 h, the transfection solution was removed and replaced with
completed culture media. After 48 h, the cells were fixed and permeabilized as described
above, then washed with PBS 1X, and DAPI (Invitrogen) staining was performed to reveal
the cell nuclei. Fluorescence was derived from the transfection, and DAPI stains were
detected, and images were acquired by using an Inverted Ti-E Fluorescent Microscope
(Nikon Corporation, Tokyo, Japan). The transfection efficiency (% respect to Lipofectamine
2000) was calculated by counting the green fluorescence cells on the total cells number in a
field; 8 fields for each condition were analyzed.

2.2.8. Statistical Analysis

A two-way analysis of variance (ANOVA) test was performed to elaborate the results
of the MTT assay, and they were analyzed by using Tukey’s multiple comparisons test as
a post hoc test. The results are expressed as mean ± standard error of the mean (SEM)
plotted on the graph. Statistical analyses were performed by GraphPad Prism software
(version 8.0.1, GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

3.1. Characterization and Aqueous Solution Properties of the Star-Shaped Polymers

The star-like PDMAEMA (hereinafter AF-P) was synthesized via RAFT polymerization
using the “arm-first” method, which has been described in detail elsewhere [32]. The poly-
mer consists of a cross-linked core to which an average of 25 PDMAEMA arms are attached;
the average degree of polymerization of each arm is 23 [32]. The resulting molar mass
(Table 1) is within the range of the molar masses of PDMAEMA-based polymers that
is deemed to be optimal to achieve a decent transfection efficiency/toxicity ratio [26].
PDMAEMA polymers with larger molar mass exhibited an increased transfection efficiency,
but at the same time, high toxicity [26]. In a wide range of concentration (100–1000 μg.mL−1)
in an aqueous solution, the AF-P polymer is characterized by a constant size and ζ poten-
tial (Table 1). AF-P exhibited strongly positive ζ-potential due to the partial protonation
state of the tertiary amino groups in water [33,34]. The size distribution from DLS was
narrow (Figure 1a, black curve), with a mean hydrodynamic diameter (Dh) of 11.4 nm. The
later suggested molecularly dissolved state of the star-shaped polymer in the investigated
concentration range.

Table 1. Molecular and physicochemical characteristics of PDMAEMA star-shaped polymers.

Sample Code Mw, (a) g/mol Mw/Mn
(a) Number of Arms (b) DP of Arm (b) Dh, (c) nm (PDI (e)) ζ, (d) mV

Arm-first
PDMAEMA

AF-P 89 000 1.37 25 23 11.4
(0.091) 24.1

Arm-first
QPDMAEMA

AF-Q 169 000 1.37 25 23 15.8
(0.083) 31.6

(a) Mw, Mn and Mw/Mn are weight-averaged molar mass, number-averaged molar mass and molar mass
distribution, respectively, from size exclusion chromatography [32]; (b) 1H NMR [31]; (c) DLS; (d) ELS were
performed in water at 25 ◦C and 100 μg.mL−1; (e) the values of polydispersity index (PDI) are given in parenthesis.

16



Polymers 2023, 15, 894

 
μ  

(a) (b) 

Figure 1. Size distribution curves from DLS of star-shaped PDMAEMA polymers in water at
25 ◦C and 100 μg.mL−1 (a). pH versus volume of 0.1 M HCl curves for star-shaped PDMAEMA
polymers (b). The titration was performed at 25 ◦C and initial concentration and volume of
500 μg.mL−1 and 3 mL, respectively.

The tertiary amines of AF-P polymer were converted into quaternary ammonium
groups in order to impart permanent positive charges. This was achieved by a typical
quaternization reaction using methyl iodide [32]. Thus, two identical star-like polymers
bearing tertiary amino or quaternary ammonium groups and differing in their total molar
masses (Table 1) were obtained. Their structure is schematically presented in Scheme 1. As
expected, the quaternized polymer (hereafter, AF-Q) exhibited more positive ζ-potential
than the parent AF-P polymer did (Table 1). The Dh of the AF-Q stars was slightly higher
(15.8 nm), which is probably due to the presence of iodine counterion and the stronger
electrostatic repulsion of the quaternized polymer chains. It is of note that the narrow size
distribution was preserved, as evident from Figure 1a. The value of Dh suggested that
AF-Q was also molecularly dissolved in the investigated concentration range.

Scheme 1. Schematic presentation of the structure of the PDMAEMA-based star-like polymers.

Standard acid-base titration over a pH range from ten to three was employed to
evaluate the buffering capacity of the two star-shaped polymers. The buffering capacity
and the proton sponge effect are considered to be responsible for the endo-lysosomal escape
of polyplexes, which is of paramount importance to avoid the enzymatic degradation of
the polyplexes within the lysosomal compartments. The titration curves are presented
in Figure 1b; pure water was titrated as a control. As is evident, the AF-P polymer is
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characterized by a gradual change in the pH during titration due to the ability of protonable
tertiary amino groups to trap protons. In contrast, the change in the pH for the quaternized
AF-Q polymer was abrupt, owing to the lack of protonable moieties. In addition, an
intrinsic buffering capability was calculated using the reciprocal value of the slope of
curves, and the values are given in Table 2. The higher buffering capacity of the parent
AF-P polymer revealed its potential to facilitate the endo-lysosomal escape.

Table 2. Buffering capacity of PDMAEMA star-shaped polymers given as reciprocal value of the
slope of curves from Figure 1b over a pH range from 10 to 3.

Sample Buffering Capacity, 1/Slope,

AF-P 6.76

AF-Q 4.54

H2O 3.31

3.2. Interaction/Complexation of PDMAEMA Stars with Nucleic Acids

The interactions of the star-shaped PDMAEMA polymers with nucleic acids of differ-
ent molar masses and structures were investigated by DLS, ELS and TEM. Polyplexes in a
wide range of N/P ratios were prepared using short linear segments (115 bp, hereinafter,
lDNA 115), long linear molecules (2000 bp, hereinafter, lDNA 2000) and circular/plasmid
DNA (4730 bp, hereinafter, pDNA 4730). All of the complexes were spontaneously formed
in water at room temperature.

The variations in the hydrodynamic diameter with the N/P ratio are shown in Figure 2.
Areas of instability were entered at certain N/P ratios, in which strong data scattering,
low reproducibility of results and occasional formation of very large particles and/or
precipitates were detected. The instability areas, which are observable in the same N/P
intervals for AF-P and AF-Q, gradually broadened and shifted to higher N/P ratios with
increasing molar mass of DNA (Figure 2). Due to the star-like topology of the polymers,
some of the amino or ammonium groups of the polymers were inaccessible, particularly
for longer DNA molecules (lDNA 2000) and/or more rigid structure of the plasmid DNA
(pDNA 4730) [22,35,36], which required larger amounts of polymer for neutralization and,
hence, broadening and shifting of the instability areas to higher N/P ratios.

Outside the instability area, colloidally stable, narrowly distributed (PDI in the
0.075–0.105 range) and relatively small polyplex particles are observed (50–125 nm,
Figure 2). Compared to the size of a single star-like macromolecule (Figure 1a, Table 1),
they are considerably larger, implying that the polyplex particles consist of several polymer
molecules. Beyond the instability areas, that is, in the excess of polymers, the size of the
polyplex particles tends to increase with increasing DNA molar mass. Thus, the size of
the polyplex particles that lDNA 115 formed with AF-P and AF-Q polymers was around
50 nm (Figure 2a). It was in the range from 50 to 85 nm for the polyplexes with lDNA 2000
(Figure 2b) to reach 50–125 nm for those with pDNA 4730 (Figure 2c).

The effects of tertiary amino vs. quaternary ammonium functionality are expressed in
terms of the decreasing size of the polyplexes formed by AF-Q. This was pronounced for
lDNA 2000 and pDNA 4730 (Figure 2b,c), whereas for the shortest DNA, the differences
were insignificant (Figure 2a). The smaller sizes of the polyplexes that AF-Q formed
may indicate the stronger binding affinity of the polymer bearing quaternary ammonium
functionality and the formation of more compact and tighter particles, as previously
observed [30,37,38].
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Figure 2. Variations of the hydrodynamic diameter, Dh, with the N/P ratio of polyplexes based on
PDMAEMA star-shaped polymers prepared with (a) lDNA 115, (b) lDNA 2000 and (c) pDNA 4730.

The variations in the ζ potential of the polyplexes were also informative of the com-
plexation of the investigated star-shaped polymers with DNA. A typical sigmoidal curve
pattern with a transition from negative to positive values of the ζ potential with an increas-
ing N/P ratio was identified in all of the polymer-to-nucleic acid formulations (Figure 3).
Similarly to the instability areas of Dh variations, the transition intervals transformed from
sharp and sudden to more gradual ones, whereas their positions shifted to higher N/P
ratios with the molar mass (bp) and type (linear and plasmid) of DNA (cf. Figures 2 and 3).
Besides the position and width of the transition intervals, the magnitude of the ζ potential
beyond the transition was also influenced by the molar mass and type of DNA, being
higher for the polyplexes of lDNA 115, which is most probably due to the easier access of
its small molecules to the amino or ammonium groups of the star-like polymers than that
of the larger molecules (lDNA 2000) and the more rigid plasmid structure (pDNA 4730).
The effects of the polymer functionality (amino vs. ammonium) were more pronounced
for the polyplexes with the plasmid DNA; beyond the transition, the AF-Q/pDNA 4730
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complexes exhibited a more positive ζ potential than those of AF-P (Figure 3c). Referring
to the smaller size of the former one (Figure 2c), the stronger complexation ability and the
formation of more dense and tight complexes could be associated with the polymer bearing
strongly positively charged quaternary ammonium groups.

ζ ζ

 
(a) (b) 

ζ

 
(c) 

Figure 3. Variations of the ζ potential with the N/P ratio of polyplexes based on PDMAEMA
star-shaped polymers prepared with (a) lDNA 115, (b) lDNA 2000 and (c) pDNA 4730.

The morphologies of the polyplexes were visualized by TEM. Representative micro-
graphs are shown in Figure 4. An abundance of clusters composed of mostly spherical,
individual particles was observed. The dimensions of the individual particles (inset pic-
tures in Figure 4) were in good agreement with the results from the DLS, implying that
the large clusters had been formed during the preparation of the samples for observation.
The polyplex particles formed by the linear DNAs (lDNA 115 and lDNA 2000) were of
a shape that somewhat deviates from sphericity. In addition, these objects were of high
and homogeneous electron density, looking similar to coiled threads, inferring that the
linear DNAs were probably condensed by the star-shaped polymers into compact and tight
polyplex particles, as suggested above. In some aspects, the morphologies of the polyplexes
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formed with pDNA 4730 were different. An interesting finding is depicted in the inset. It is
composed of four individual spherical objects with dimensions that roughly correspond to
the dimensions of the star-shaped polymers from Table 1. Supposedly, the whole structure
is held together by the plasmid DNA molecules wrapping the individual polymer spheres.
Interestingly, objects such as this were observed also for the formulations with lDNA 2000
(inset), but less frequently, and never for those with the shortest DNA.

 

Figure 4. TEM micrographs of polyplexes based on PDMAEMA star–shaped polymers prepared at
N/P ratio of 8. Scale bars of the insets 50 nm.

3.3. Salt-Induced Destabilization of Polyplexes

The release of DNA from the polyplexes’ structures is a fundamental prerequisite for
the efficiency of the systems. It is known that the addition of salt causes charge screening
and may result in the weakening of the electrostatic interactions between the polymer and
DNA phosphate groups, causing the destabilization of the complexes [30,37,39]. Further-
more, the interactions of a nucleic acid delivery system with biological fluids are ubiquitous
in the delivery process. Therefore, the stability of the investigated polyplexes upon the
addition of increasing amounts of salt to preformed polyplexes was investigated. N/P = 8
was selected for this study, as well as for the investigation of the biological performance
of the polyplexes. As discussed in the previous section, N/P = 8 was positioned outside
the instability areas, where a high reproducibility of results in terms of physiscochemical
characteristics and properties of the polyplexes was exhibited. The further increase in
the N/P ratio may negatively affect the biological tolerance of the polyplexes. The size
variations were monitored by DLS (Figure 5). It is observable from Figure 5 that all of the
polyplexes exhibited a gradual increase in size, indicating sensitivity to the addition of salt.
The size increase is relatively small (up to 100 %) for the polyplexes of the quaternized
polymer AF-Q with all the three types of DNA, as well as for the AF-P/lDNA 115, and it
can be attributed to the loosening of the complexes resulting from the weakening of the
electrostatic interactions and their swelling due to the insertion of water molecules in their
structures. The size increase was considerably larger for the complexes of AF-P with the
longer DNAs—lDNA 2000 and pDNA 4730—and revealed the impact of the DNA length.
Particularly for the polyplex with the plasmid DNA, it reached 440%, which was too large to
be attributed solely to swelling of the polyplex. The following scenario, which is supported
by results from a previous study [30,40], is suggested: upon loosening of the polyplex
structure, the segments of the long DNA chains can be partially dissociated, and thus, are
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free to participate in complexation with other polyplexes. Thus, large superaggregates of
loose polyplexes were formed.

(a) (b) 

 
(c) 

Figure 5. Variations of the hydrodynamic diameters, Dh, with NaCl concentration of polyplexes
based on PDMAEMA star-shaped polymers prepared at N/P ratio of 8 with (a) lDNA 115, (b) lDNA
2000 and (c) pDNA 4730.

3.4. Biological Performance of Polyplexes
3.4.1. Cytotoxicity of Polyplexes Formed with lDNA

A detailed cytotoxic study of polyplexes formed with PDMAEMA star-shaped poly-
mers and linear DNA was performed. Cell viability and morphology were evaluated after
the cells were exposed to polyplexes formed from both AF-P and AF-Q polymers and
lDNA 115 or lDNA 2000 at an N/P ratio of 8 to determine the cytotoxic effects. In detail, we
checked the cell viability and proliferation over time of three human cell types in contact
with several polyplex concentrations (5 μg.mL−1, 10 μg.mL−1, 20 μg.mL−1, 25 μg.mL−1,
40 μg.mL−1 and 50 μg.mL−1). MG63, MSCs and hFOBs cells were selected as potential
human cell targets for the development of new therapies based on nucleic acid delivery
for the treatment of different pathologies (e.g., cancer) or to enhance tissue regeneration.
The results showed a cell viability reduction after 24 h in the MSCs due to the presence
of AF-P/lDNA 2000 and AF-Q/lDNA 2000 particles with respect to AF-P/lDNA 115
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and AF-Q/lDNA 115, respectively, with a statistically significant difference starting from
20 μg.mL−1 (Figure 6A). This initial difference disappeared after 48h and 72h, where only
a significant decrease in cell viability is visible with the higher concentration of all of the
polyplex dispersions (i.e., 50 μg.mL−1) compared to the other concentrations, where the
cells viability is about 80–70% with respect to the cells only (Figure 6A).

 

Figure 6. Cell viability analysis. MTT assay was performed after 24 h, 48 h and 72 h of being
in the culture. MSCs (A), hFOBs (B) and MG63 (C) were cultured in contact with 5 concentra-
tions of AF-P/lDNA 115, AF-Q/lDNA 115, AF-P/lDNA 2000 and AF-Q/lDNA 2000 (5 μg.mL−1;
10 μg.mL−1; 20 μg.mL−1; 25 μg.mL−1; 40 μg.mL−1; 50 μg.mL−1) at N/P of 8. The data show the
percentage of viable cells as compared to cells only as the control, and the mean ± SEM are presented.
* p value < 0.05, *** p value < 0.001, **** p value < 0.0001.

A different cell behavior was detected with the hFOBs. In fact, after 24 h, there were no
significant differences among the groups, and all of the systems based on AF-P and AF-Q
polymers with lDNA 115 and lDNA 2000 showed a cell viability that was comparable to
the cells only group, except for the higher polyplex concentrations (Figure 6B). Over time
and by increasing the polyplexes concentration, a remarkable reduction of cell viability
without significant differences among the groups was observed, especially with the 40 and
50 μg.mL−1 concentrations.

The MG63 cells were less sensitive to the presence of all of the polyplexes (Figure 6C).
After 24 h, the cell viability was over 75–80% with respect to the cells only for all the
concentrations. Only starting from 48 h, the 50 μg.mL−1 polyplex solutions induced a
strong cell viability reduction, but without any statistically significant differences among
the groups (Figure 6C).

A qualitative cell morphology analysis was performed after 24 h with one concen-
tration (20 μg.mL−1) (Figure 7). The organization of the cytoskeletal structure of actin
filaments is an essential element in maintaining and modulating the cellular morphology
and cell structural integrity. The detection of actin filaments confirmed the cell viability data.
In detail, a lower MSCs density was detected with AF-P/lDNA 2000 and AF-Q/lDNA 2000
compared to those of AF-P/lDNA 115 and AF-Q/lDNA 115. In addition, even the MSCs’
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morphologies seemed to be compromised when the cells were cultured in the presence of
AF-P/lDNA 2000 and AF-Q/lDNA 2000. In contrast, the polyplexes did not compromise
the cytoplasmatic morphology in hFOBs and MG63. The cells were well spread, showing
the typical cytoplasmic elongations without the presence of morphological cell damage
markers (Figure 7).

Figure 7. Morphological analysis of MSCs, hFOBs and MG63 cultured in presence of 20 μg.mL−1 of
polyplexes at N/P of 8 for 24 h. Microspheres evaluated by phalloidin staining (green: actin filaments;
blue: cell nuclei). Insets: details at higher magnification. Scale bars: 100 μm.

The observed deviation from the complexes formed with the AF-P and AF-Q polymers
with lDNA 2000 could be due to their slightly larger size compared to those formed with
lDNA 115. However, the cytotoxic evaluation of the systems revealed that they were
sparing with respect to the cell lines studied. The polyplexes based on both the AF-P
and AF-Q polymers exhibited good biocompatibility without disrupting the cytoskeletal
structure of the actin filaments.

3.4.2. Cytotoxicity and Transfection Efficiency of Polyplexes Formed with pDNA

The cytotoxicity test of the polyplexes formed with pDNA 4730 was performed with
the hFOBs and MG63 cell lines at an N/P ratio of 8. A single concentration of 20 μg.mL−1

was tested. AF-P/pDNA 4730 did not negatively affect the cell viability of both of the cell
types after 24 h, whereas AF-Q/pDNA 4730 slightly decreased the cell viability (Figure 8a).

The ability of AF-P and AF-Q polymers to transfer pDNA 4730 into the cells was
investigated as well. The transfection efficiency was analysed by the quantification of
the eGFP positive cells by counting the number of green transfected cells in the total cell
number, as assessed by DAPI staining. The results showed that the AF-Q/pDNA 4730
complexes did not transfect the cells, in fact, no eGFP positive cells were detected. The lack
of transfected cells with the AF-Q polymer is probably due to the formed dense complexes
and the resulting inability to release DNA. In contrast, AF-P/pDNA 4730 complexes
promoted plasmid DNA internalization and expression, with a good fluorescence intensity
level being detected in both of the cell types (Figure 8b). The transfection efficiencies of
AF-P/pDNA 4730 and Lipofectamine, which was used in the control group, in the hFOBs
and MG63 cells were 25.3 ± 6.2% and 19.4 ± 6.1%, respectively (Figure 8c). The positive
results observed with AF-P polymer could be related to both the looser structure of these
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polyplexes, enabling the release of DNA molecules and the presence of protonable tertiary
amino groups, promoting the effective endo-lysosomal escape of the polyplex particles.

(a) (b) (c) 

Figure 8. (a) Cells viability analysis. MTT assay was performed after 24 h of culture. hFOBs and
MG63 were cultured in contact with 20 μg.mL−1 of AF-P eGFP and AF-Q eGFP at N/P of 8. The data
show the percentage of viable cells as compared to cells only, as the control and the mean ± SEM are
presented. (b) Qualitative transfection efficacy images. eGFP positive cells in green and cell nuclei
in blue. Scale bars: 100 μm. (c) Transfection efficiency. % of transfection efficiency of AF-P eGFP
complex at N/P of 8 compared to Lipofectamine used as control group.

4. Conclusions

Two identical star-like polymers bearing tertiary amino or quaternary ammonium
groups were used in this study. They were prepared by RAFT polymerization of
2-(dimethylamino)ethyl methacrylate) using the “arm-first” approach and further modified
via quaternization of the tertiary amino groups. The two polymers were of the same chain
architecture (star-like), number and polymerization degree of the arms, and they differed
only in the functionality—tertiary amino vs. quaternary ammonium. The polymers were
molecularly dissolved in water and were characterized with a relatively small size (11.4 nm,
15.8 nm) and strongly positive (24.1 mV, 31.6 mV) ζ potential. Whereas the quaternized
polymer exhibited a slightly larger size and a more positive ζ potential, the parent polymer
was characterized by a higher buffering capacity due to the ability of the tertiary amino
groups to absorb protons. Both polymers spontaneously formed polyelectrolyte complexes
with nucleic acids of different lengths and types in a wide range of N/P ratios. The ef-
fects of the DNA length/type were expressed in the position and width of the instability
areas/transition intervals (being wider and shifted to higher N/P ratios for the longer
and plasmid DNA), the size of the polyplex particles (tended to increase with increasing
molar mass/length of DNA), and the magnitude of the ζ potential (more positive for the
polyplexes of the shorter DNA). The addition of NaCl contributed to weakening of the
electrostatic interactions and loosening of the polyplexes, which were strongly pronounced
for the polyplexes of the parent AF-P polymer with the longer (lDNA 2000) and plasmid
(pDNA 4730) DNA. In general, the size was smaller and the ζ potential was more pos-
itive for the polyplex particles of the quaternized AF-Q polymer, particularly with the
plasmid DNA, compared to those of the parent AF-P polymer due to the stronger binding
and formation of more compact and tighter polyplex particles. The cytotoxicity of the
polyplexes at N/P = 8 was evaluated for three human cell types—the osteosarcoma cell
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line (MG63), the osteoblast cell line (hFOBs), and adipose-derived mesenchymal stem
cells (MSCs). A remarkable reduction of the cell viability without significant differences
among the groups was observed only at the highest polyplex concentrations (40 and/or
50 μg.mL−1, depending on the cell type). The transfection efficiencies of the polyplexes of
the two polymers were examined in the hFOBs and MG63 cell lines. The loose structure of
the AF-P polyplexes and the presumed abilities to promote effective endo-lysosmal escape
and the release of DNA appeared to be favorable features for the enhanced effectiveness of
the parent, non-quaternized PDMAEMA star-like polymer to transfect the cells.
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Abstract: This article presents a review on the recent advances in the field of ternary diglycidyl
ether of bisphenol A epoxy nanocomposites containing nanoparticles and other modifiers. Particular
attention is paid to their mechanical and thermal properties. The properties of epoxy resins were
improved by incorporating various single toughening agents, in solid or liquid states. This latter
process often resulted in the improvement in some properties at the expense of others. The use of two
appropriate modifiers for the preparation of hybrid composites, possibly will show a synergistic effect
on the performance properties of the composites. Due to the huge amount of modifiers that were
used, the present paper will focus mainly on largely employed nanoclays with modifiers in a liquid
and solid state. The former modifier contributes to an increase in the flexibility of the matrix, while
the latter modifier is intended to improve other properties of the polymer depending on its structure.
Various studies which were carried out on hybrid epoxy nanocomposites confirmed the occurrence of
a synergistic effect within the tested performance properties of the epoxy matrix. Nevertheless, there
are still ongoing research works using other nanoparticles and other modifiers aiming at enhancing
the mechanical and thermal properties of epoxy resins. Despite numerous studies carried out so
far to assess the fracture toughness of epoxy hybrid nanocomposites, some problems still remain
unresolved. Many research groups are dealing with many aspects of the subject, namely the choice of
modifiers and preparation methods, while taking into account the protection of the environment and
the use of components from natural resources.

Keywords: epoxy resin; hybrid nanocomposites; mechanical properties; toughening; mechanisms

1. Introduction

Epoxy resins are known for their excellent chemical resistance, high specific strength,
good dimensional stability and adhesion properties [1–5]. Epoxy resins can be used as
liquids or powders, which facilitate their mixing with reactive or non-reactive modifiers.
They are used as paints, coatings, adhesives and matrices for structural composites [6].
However, once cured, epoxy resins exhibit a high crosslink density, which leads to increased
brittleness, low strain at break, poor impact strength and low resistance to crack propaga-
tion. The inherent brittleness associated with the low toughness of epoxy resins constitutes
serious limitations for their engineering applications. The structure of diglycidyl ether of
bisphenol A epoxy resin is shown in Scheme 1.

 

Scheme 1. Structure of diglycidyl ether of bisphenol A epoxy resin.

The modification of epoxy resins to improve the above-mentioned properties has been
the subject of intense research interest in the last four decades [7–12]. They have been
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successfully toughened using various suitable modifiers such as synthetic and natural
fibers [13–19], thermoplastics [20–30], liquid rubbers [31–40], plasticizers [41–45], solid
microparticles [46–53] and nanoparticles [54–65]. The toughening of epoxy resins was
attributed to various mechanisms such as crack-pinning, phase separation, plastic deforma-
tion, interpenetrating polymer network formation and exfoliation of nanoparticles. The
use of a single modifier for epoxy toughening has been known for many decades, but the
preparation of hybrid ternary composites containing two different modifiers is a relatively
new concept. It can take advantage of the possible existence of a synergistic effect, leading
to a greater improvement in the performance properties of the composite. A correct selec-
tion of modifiers could lead to specific interactions between the components of the hybrid
composite and therefore to a greater improvement in its properties. The simultaneous
use of different reinforcing agents has recently been explored by various researchers as a
useful and logical approach to improve the performance properties of epoxy resins and
avoid negative side effects such as a reduction in stiffness, strength or temperature glass
transition of the matrix.

Due to the very large number of potential modifiers to be used in the preparation of
hybrid epoxy composites, this review focuses on nanofillers (such as graphene, carbon
nanotubes, montmorillonite, silica, . . . ) and other modifiers such as thermoplastics, liquid
rubbers, thermosets, diluents. Very interesting reviews have already been published in
recent years on hybrid epoxy nanocomposites [65–70]. The manuscript would provide a
very significant contribution for industrialists and academics since it features the positive
toughening of the DGEBA with two modifiers. This would lead to widening the field of
application of reinforced materials or ensuring their safe use under severe conditions.

2. Hybrid Epoxy Nanocomposites

Nanoparticles can be classified into different categories depending on their shape,
size, morphology and properties. Based on their shapes, nanofillers are classified into
three categories [71,72]: nanoparticles with one nanoscale dimension (nanoplatelets), two
nanoscale dimensions (nanofibers) and three nanoscale dimensions (nanoparticulates).
Carbon nanotubes and halloysite nanotubes are considered as two-dimensional nanofillers,
while clay and graphene nanoplatelets are examples of one-dimensional nanofillers. Two-
dimensional nanofillers include nanotubes and nanofibers with a diameter lower than
0.1 μm. However, nanometric silica beads belong to the three-dimensional nanofiller group.

It is well known that the dispersion of nanoparticles plays a key role in improving the
mechanical and thermal properties of polymer nanocomposites. This can be achieved by the
intensive mixing of nanoparticles in the polymer matrix, aiming at the exfoliation and/or
intercalation of the former, resulting in a higher contact surface between the constituents.

2.1. Hybrid Epoxy Nanocomposites Based on Liquid Rubbers

Epoxy resins were modified with different liquid modifiers such as liquid natural
rubbers [73–78], epoxidized natural rubber, hydroxyl terminated polybutadiene, amine-
terminated polybutadiene, epoxy-terminated polybutadiene and butadiene acrylonitrile
rubbers terminated with carboxyl groups, amine groups or epoxy groups.

One of the most promising methods to toughen epoxy resin was the use of liquid
rubbers in combination with nanoparticles. Rubber toughening of epoxy resin has been
considered for over five decades to be one of the most effective methods for reducing
brittleness and increasing other matrix properties. In general, epoxy resins modified
with liquid rubbers exhibit improved flexibility and impact resistance. The inclusion of
nanofillers in the epoxy matrix along with rubber is expected to improve its strength,
stiffness and glass transition temperature, without, however, reducing the decrease in its
stiffness, strength or glass transition temperature.

In fact, most of the conducted investigations using nanoparticles with liquid rubbers
showed an improvement in epoxy performance properties. The epoxy/rubber nanocom-
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posites have been used in various fields such as adhesives, coatings, transducers and in
electromagnetic systems.

Hydroxyl-terminated polybutadiene (HTPB) is a telechelic, translucent liquid rubber
which finds a wide range of applications. It is characterized by a low glass transition
temperature of about −75 ◦C, an average molecular weight and a high level of reactive
functionality, making it an excellent potential curing modifier for epoxy resin. Various
researchers used both nanofillers and HTPB to improve the properties of diglycidyl ether of
bisphenol A (DGEBA) epoxy resin [79–83]. Yi et al. [79] studied the properties of a prepared
hybrid epoxy (EP) resin based on montmorillonite (MMT) and HTPB with different number
average molecular weights. The advantage of using inorganic MMT clay as a reinforcement
for a certain number of polymers is associated with their nanometric size and their ability
to form intercalated and exfoliated structures (Scheme 2). It was shown that the tensile
strength and elongation at break of EP/10 wt% HTPB/1 wt% MMT ternary composites
were higher than those of epoxy binary blends. Moreover, HTPB with a higher molecular
weight led to a more exfoliated nanostructure. It was also confirmed that 40 to 80 ◦C
were the preferred temperatures to obtain nanostructured HTPB/MMT. The toughening of
ternary epoxy nanocomposites was attributed to the slow and rapid growth of the cracks
and the energy dissipated during the process of pulling out and debonding of nanoparticles
from the matrix. The addition of microscale and nanoscale modifiers can lead to different
interactions between the two kinds of particles and the matrix, which determine the final
morphologies and properties of the hybrid polymer [80].

Scheme 2. Formation of intercalated and exfoliated structures with epoxy, rubber and MMT.

Marouf et al. [69] confirmed the “nano” effects of silica (<25 vol%) and rubber nanopar-
ticles (>10 wt%) in toughening epoxy resin compared to silica and rubber microparticles
at the same loading. Synergistic toughening effects were noted on the fracture tough-
ness parameter GC in epoxy/nanosilica/rubber microparticles, epoxy/nanosilica/rubber
nanoparticle composites and epoxy/CNT/rubber nanoparticle composites. The simul-
taneous incorporation of microscale elastomers/thermoplastics and nanoscale fillers for
the modification of epoxy systems was also investigated and confirmed the complicated
interaction between the modifier at the micro- and nanoscales and the inherent problems of
synergy [80].

Due to its good thermal oxidation resistance, oil resistance and damping properties,
acrylic rubber (ACM) particles were combined with montmorillonite (MMT Na+) to im-
prove the mechanical and thermal properties of epoxy resin [81]. The tensile strength and
modulus were shown to increase and the ductility to decrease with the increasing organic
clay content, while rubber had the opposite effects on the epoxy resin properties. However,
the ductility of the epoxy matrix was improved without compromising the modulus and
strength when both modifiers were used. Relative elongation at break increased maximally
in ternary epoxy nanocomposites. However, a synergistic effect was observed on the
toughness and tensile modulus of ternary epoxy nanocomposites prepared by the solvent
blending of acrylic rubber (ACM) and organomodified montmorillonite (Cloisite30B) [82].
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The adhesive strength of an epoxy/ACM blend containing 3 wt% MMT also increased,
due to a positive blending effect, resulting from the positive effect of crosslinking and the
tearing energy of the adhesive film. The addition of liquid rubbers leads to a softening
of the brittle epoxy matrix and decrease in stiffness, which results from the plasticization
of the three-dimensional crosslinked network and the increase in the free volume, unlike
solid montmorillonite nanoparticles which increase the rigidity of the epoxy matrix [69,82].
Fröhlich et al. [83] reported an improved toughness in hybrid epoxy nanocomposites, but
decreased tensile strength, stiffness and glass transition temperature in epoxy composites
containing both compatibilized liquid rubber and organophilic fluorohectorite, induced by
rubber. Similar results were obtained by Ahmed et al. [84] in an epoxy matrix modified
with both reactive rubber nanoparticles (RRNPs) and organically modified montmorillonite
(Cloisite-30B). The addition of RRNPs led to a softening of the composites, with a lower
stiffness and improved toughness compared to those of the neat resin. In contrast, the
use of solid nanoparticles (MMTs) increased the stiffness and lowered the toughness of
the nanocomposites. However, the combination of the two optimal percentages of RRNPs
and nanoclay in the epoxy matrix improved the flexural stress–strain curve and storage
modulus over the neat resin. Shayegan and Bagheri [85] reported, for the first time, a
synergistic effect on the fracture toughness parameter (KC) of the hybrid epoxy composite
containing nanosilica and liquid rubber. The toughness of the ternary composite was higher
than those of the binary epoxy systems, due to the obvious positive interactions between
the epoxy hybrid constituents.

Graphene has attracted great interest over the past two decades due to its outstanding
physical properties. With an excellent balance between their physical properties and low
cost, graphene nanoplatelets (GnPs) have become one of the most attractive nanofillers for
polymer matrices. They exhibit a very high mechanical strength with 1.0 TPa in Young’s
modulus, 130 GPa in ultimate strength, high thermal conductivity of about 5000 Wm−1 K−1,
an extremely high specific surface and non-toxicity. An epoxy resin modified with graphene
nanoplatelets exhibited a significant improvement in the tensile modulus and tensile
strength [86]. The tensile modulus of the nanocomposite containing 6 wt% of graphene
increased by ~23% and its ultimate tensile strength decreased by ~54% compared to the
pure matrix. The increase in epoxy stiffness was explained by a high tensile strength and
high specific area of GnPs [87].

Still, with the aim of achieving an improvement in the mechanical properties of the
matrix, another rubber, namely acrylonitrile butadiene terminated by carboxyl (CTBN),
was used with graphene nanoplatelets (GnPs) with different diameters [88]. The addition
of 3 wt% GnP with a diameter of 5 μm in 10 wt% CTBN has been shown to yield a ternary
GnP/CTBN/epoxy nanocomposite with enhanced toughness and thermal conductivity,
combined with a comparable stiffness to that of pure resin. The same mechanism as that of
the work of [85] can be used to explain the increase in toughness of the epoxy resin.

A very successful approach that has been widely used by various researchers to
toughen diglycidyl ether of Bisphenol A (DGEBA) modified with nanoparticles involved
the addition of a liquid copolymer of acrylonitrile butadiene terminated by carboxyl
(CTBN), amine (ATBN) and epoxy (ETBN) groups [89–98]. It is important to emphasize
that the dispersion of nanoparticles in epoxy/rubber plays a crucial role in improving the
properties of the material. However, it was found that well-dispersed organoclay (Cloisite
30B) in a CTBN/epoxy system with a suitable preparation method leads to an effective
improvement in the tensile strength and modulus of an epoxy ternary composite [89]. The
tensile strength of the hybrid nanocomposite was effectively improved when the MMT
was first dispersed in the CTBN rubber phase. In addition, the degree of Cloisite–Na
intercalation in the blend and with it, the performance properties of the composite were
further increased by the compatibilizing effect of the curing agent.

Using high pressure and direct mixing methods, Liu et al. [90] showed that the fracture
toughness parameters (KC and GC) maximally increased by 2.2 and 7.6 times, respectively,
at 6 phr organoclay (Nanomer I.30E) and 20 phr CTBN loading compared to the pristine
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resin. A positive superposition effect was obtained on the fracture toughness of the epoxy
matrix modified with both rubber and organoclay. The ultimate strength, yield strength
and glass transition temperature of the epoxy resin modified with rubber and organoclay
have also been improved. Similar findings were obtained by Chonkaew et al. [91] regarding
the improvement in the mechanical and tribological properties of epoxy resin using CTBN
and organomodified MMT (Nanomer 1.31 PS). It should be noted that a small amount of
1 phr of nanoclay was sufficient to optimally improve both the mechanical and tribological
properties of the epoxy matrix modified with 2.5 phr CTBN. It was also reported that
epoxy/nanoclay/CTBN ternary nanocomposites prepared via sonication method exhibited
the best tensile strength, due to a uniform and stable morphology as well as a good
dispersion of nanoclay (Nanomer 1.28E) in the epoxy/CTBN system [92]. Cavitation of
CTBN, connected with the formation of voids, debonding of nanoparticles and plastic
deformation of the matrix are processes that require additional energy which will count in
increased toughness [88,93].

Moreover, it was shown in a separate study that the fracture toughness parameters
(KC and GC) of ternary epoxy/CTBN/SN composites were higher than those of epoxy/SN
and epoxy/CTBN binary systems [94]. The KC value of the hybrid composite containing
15 wt% CTBN and 5 wt% SN more than doubled compared to the virgin matrix with a
distinct positive synergistic effect between the CTBN and SN nanofillers on the fracture
energy, GC. Liang and Pearson [95] confirmed the positive hybrid effect in their epoxy
composites containing 3 wt% SN (20 nm in diameter) and 18 wt% CTBN. However, a
negative hybrid effect on the fracture toughness parameter, GC, was also obtained with
more than 5 wt% SN in epoxy, most probably due to particle agglomeration.

Metal oxides such as Al2O3, ZnO and TiO2 are generally used to solve the problems of
corrosion resistance, stiffness, toughness and conductivity of epoxy systems [96]. Alumina
nanoparticles (Al2O3) were also used in combination with CTBN liquid rubber to increase
the fracture toughness of an epoxy resin. Hosseini and his research group [97] prepared
hybrid epoxy nanocomposites with an optimum content of CTBN (15 phr) and different
amounts of Al2O3 nanoparticles (0–10 phr). Hybrid nanocomposites containing 15 phr of
CTBN and 7 phr of Al2O3 exhibited the maximum values of the critical stress intensity
factor (K C) and critical strain energy release rate (GC).

In a comprehensive review, Kausar [98] compared the effects of various nanofillers
such as graphene, carbon nanotube, carbon black, nanoclay, silica and other nanoparticles
on the properties and structures of rubber-toughened epoxy resins. These nanofillers
have enabled the development of rubber-reinforced epoxy nanocomposites with improved
performance and their use in adhesives, coatings, anticorrosives and radiation shielding
materials for military, aircraft and aerospace applications. The nanocomposite materials
offer the advantages of light weight, high strength, high toughness and corrosion resistance.
Zewde et al. [99] studied the effect of functionalized carbon nanotubes (fCNTs) and micron-
sized rubber particles on the properties of epoxy resin. The nanotubes were mixed with
carboxyl-terminated butadiene acrylonitrile-toughened epoxy (CTBNTE) by shear mixing
and sonication. The fracture toughness of the epoxy/CTBN/fCNT ternary composites
was higher by approximately 200% compared to the neat epoxy matrix, 20% and 110%
compared to the epoxy/fCNT and epoxy/CTBN blends, respectively. The confirmed syner-
gistic effect of fCNT nanofillers and rubber particles was attributed to plastic deformation,
stress whitening and the overall rougher surface of the ternary composites compared to
the pristine resin. Similar results were obtained by Hsieh et al. [100] with a significant
improvement in the fracture toughness (GC) of an epoxy matrix due to the synergistic
effect of silica nanoparticles (SNs) and rubber particles. The critical strain energy release
rate parameter, GC, of the epoxy resin increased from 77 to 191 J/m2 and 671 J/m2 by
adding 15 wt% SN and 9 wt% of rubber particles, respectively. However, it increased up to
965 J/m2 for the ternary epoxy nanocomposites containing both SNs and rubber micropar-
ticles. The improvement in the toughness of the epoxy matrix containing soft and solid
particles is explained by the same mechanism reported previously [85,88,93].
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Similarly to CTBN, liquid butadiene acrylonitrile terminated with amine groups
(ATBN) was also used to toughen epoxy nanocomposites [101–103]. It was shown that
the addition of 1.5 wt% nanoclay to an epoxy composition modified with 5 wt% ATBN
led to synergistic effects on the mechanical behavior [101]. A similar improvement in the
epoxy resin mechanical properties was noted in the case of epoxy resin modified with a
combination of ATBN and organomodified nanoclay (Nanobent ZW1) [102]. Ternary epoxy
composites containing 1 wt% or 2 wt% Nanobent and ATBN showed improved mechanical
properties in relation to the unmodified EP. The impact strength (IS) and the critical stress
intensity factor (KC) values of EP containing 1 wt% nanoclay increased approximately
by 200% and 75%, respectively, in relation to the neat EP. In another study, the matrix
was modified with Nanobent ZW1 and ATBN with different amine equivalent weights
(ATBN-16 with 18% acrylonitrile and ATBN-21 containing 10 wt% acrylonitrile) [103].
A ternary composite containing 2 wt% nanoclay and 5 wt% ATBN exhibited a synergistic
effect on the tensile adhesive strength toward the binary systems. The significant enhance-
ment in the properties was explained by the reaction that took place between the amine
groups of the modifier or hardener and the unreacted part of the cured epoxy matrix.
Figure 1 shows how the incorporation of a rubber can change the morphology of a compos-
ite to a more elongated one with plastic deformation, thus explaining the increase in the
mechanical properties of the matrix.

 
Figure 1. SEM micrographs of virgin epoxy matrix (a), epoxy resin with 1 wt% Nanobent ZR1 (b)
and epoxy with 1 wt% Nanobent ZR1 and 10 wt% of reactive rubber (c).

Figure 2 shows the effect of the reactive rubber and Nanobent ZR1 content on the
impact strength (IS) and critical stress intensity factor (KC) of an epoxy composite. It is seen
that the hybrid composite can be prepared by fixing the content of one modifier with the
highest value and by varying the amount of the second modifier.

 
(a) (b) 

Figure 2. IS and KC of epoxy nanocomposite containing 1 wt% of Nanobent ZR1 as a function of
rubber content (a) and epoxy blend containing 5 wt% rubber and different nanoclay content (b); (our
unpublished results).

Kong et al. [104] prepared a series of epoxy composites based on organomodified
montmorillonite (oMMT) and epoxy-terminated acrylonitile butadiene copolymer (ETBN)
and tested their mechanical performance. The addition of both oMMT and ETBN led
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to a significant improvement in the epoxy matrix damping properties while maintain-
ing the high tensile strength. The improvement in the damping performance due to
the incorporation of ETBN-intercalating oMMT nanocomposites has been confirmed by
Mao et al. [105].

Due to its reactive groups, polysulfide is considered, along with liquid rubbers such
as CTBN, ATBN and hydroxyl-terminated polybutadiene, as the most effective toughening
agent for epoxy resins. The reaction between the thiol and the epoxy groups is expected to
enhance the flexibility and impact strength (IS) of the epoxy matrix but decrease certain
properties such as the glass transition temperature (Tg) and modulus. Pristine and carboxyl-
functionalized multiwalled carbon nanotubes (p-MWCNTs and f-MWCNTs) in addition to
polysulfide were used to prepare an amine-cured epoxy resin with improved mechanical
properties [106]. The incorporation of 0.1 wt% f-MWCNTs to the epoxy/polysulfide blend
significantly improved the tensile and impact resistance of the epoxy nanocomposite. The
Tg of the f-MWCNT/epoxy hybrid composites increased by 9.8 ◦C compared to the neat
epoxy matrix. The improvement in the mechanical properties was attributed to the strong
interfacial interactions between the f-MWCNTs and the epoxy matrix. The increase in the
properties was explained by the plasticization of the cured epoxy by PSf, and most likely to
increased matrix crosslinking [107].

Other liquid rubbers with specific physical properties have also been used in combi-
nation with nanoparticles to improve the properties of epoxy nanocomposites [108–111].
Tang et al. [108], for example, investigated the properties of epoxy resin modified with rigid
silica nanoparticles (SNs) and phase-separated submicron soft rubber particles. Ternary
epoxy composites showed a good balance between the stiffness, strength and fracture
toughness compared to single-phase particle binary systems. The fracture toughness im-
provement in the ternary epoxy composites was attributed to the formation of a large plastic
zone around the crack tip, resulting from the dual addition of rigid and soft particles.

Epoxidized natural rubber (ENR) has been used by various researchers to modify
epoxy resins, for its polarity and good compatibility with several polar polymers [109–112].
Leelachai et al. [109] modified an epoxy resin cured with cycloaliphatic polyamine by using
epoxidized natural rubber (ENR) with silica nanoparticles (SNs). The addition of ENR
resulted in a significant improvement in the fracture toughness parameter (KC) with a
decrease in the glass transition temperature (Tg,) and Young’s modulus. However, the
addition of SNs led to a modest improvement in the toughness and Tg but a significant
increase in the modulus. The ternary hybrid epoxy composites exhibited improvements in
the KC, stiffness and Tg. The maximum improvement in the fracture toughness, including
a synergistic effect, was obtained with an epoxy matrix containing a defined amount of SNs
and ENR. Morphology analysis revealed the existence of the cavitation of rubber particles
together with matrix shear yielding, particle debonding and an increase in the damage
zone size, which was associated with the dissipation of more energy during the crack
propagation. Recently, Kam et al. [110] studied the effect of different vulcanized rubbers on
the properties of epoxy resin filled with graphene nanoplatelets (GNPs). The epoxy matrix
was modified with natural rubber (NR), liquid natural rubber (LNR) and recycled natural
rubber (rNR). An epoxy/GNP nanocomposite filled with 5 vol% NR showed the highest
values of flexural strength, flexural modulus and fracture toughness (KC), as compared
with LNR and rNR, due to better interfacial adhesion between the epoxy/NR/GNP system.
Similar results were obtained on the properties of epoxy resin modified with natural rubber
and graphene nanoplatelets [111].

The effect of preformed powdered rubber (PR) nanoparticles and chemically reduced
graphene oxide (CRGO) was also evaluated on the mechanical and thermal properties
of epoxy resin [112]. The inclusion of CRGO improved the fracture toughness, stiffness
and thermal properties of epoxy resin, while the addition of PR resulted in a significant
improvement in the fracture toughness but large reduction in the thermal stability and
stiffness of the polymer matrix. The results confirmed the existence of a good balance
between the stiffness, strength, fracture toughness, thermal stability and glass transition
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temperature in ternary epoxy hybrid composites. The shear bands formed in the matrix
most likely induced by the stress transfer, combined with the nanoparticle pull-out, can
partly explain the improved properties of the hybrid epoxy nanocomposites [94,100,110].

A very interesting approach to toughen epoxy resin was the use of core–shell rubber
(CSR) particles, which constitute the specific group of rubber of the effective toughening
agent for epoxy resins. The particles are generally based on an elastomeric core such as a
homopolymer of butadiene or a styrene–butadiene copolymer and a thin epoxy-compatible
shell. The particular advantage of CSR particles compared to liquid rubbers is their
compatibility with EPS. Tsang and Taylor [113] solved the brittleness problem of adhesives
based on the anhydride cured epoxy thermosetting polymer by using CSR particles and
silica nanoparticles (SNs). The fracture energy parameter, GC, of the modified epoxy was
measured at ambient and low temperatures (−40 ◦C and −80 ◦C). The results showed that
hybrid composites with 10 wt% SN and 10 wt% CSR particles exhibited the maximum
improvement in the GC, but with no dual strengthening of the matrix, most probably due
to the large size of the modifier particles. A similar study was performed with epoxy resin
modified with CSR combined with SNs but different results improved the properties and
mechanisms [114]. The soft shell was a copolymer synthesized from caprolactone and
meso-lactide which was compatible with the epoxy system. The incorporation of 2 wt%
of nanofillers resulted in a 40% increase in the impact resistance of the epoxy, while the
glass transition temperature decreased slightly. Crazing, formation of microcracks and
debonding of nanoparticles from the matrix were the main causes leading to the improved
fracture toughness. Soft core–shell rubber (CSR) nanoparticles have also been used with
multiwalled carbon nanotubes (MWCNTs) and SiO2 nanoparticles as rigid particles to
toughen a bisphenol A-based epoxy cured with an amine hardener [115].

The MWCNT modifiers have attracted great interest as they generally lead to excellent
mechanical, thermal and electrical properties in polymer composites. Furthermore, CSR
particles have the ability to promote compatibility between incorporated modifiers with the
matrix. Epoxy hybridization with CSR and SiO2 resulted in a simultaneous improvement in
the tensile and fracture properties. The fracture toughness parameter, KC, and the fracture
energy parameter, GC, of hybrid systems containing 5 wt% CSR and 10 wt% SiO2 increased
to a maximum of about 220% and 900%, respectively, compared to the virgin polymer
matrix. However, an increase of 165% was reported for the KC of the epoxy hybrid based on
0.075 wt% MWCNTs and 10 wt% SiO2. The so-called core–shell impact modifier particles
(CSIMPs) were added with multiwalled carbon nanotubes (MWCNTs) to improve the
toughness and tensile properties of the epoxy resin [116]. The soft particles consisted of a
poly(butyl acrylate-allyl methacrylate) elastomeric core and a poly(methyl methacrylate-
glycidyl methacrylate) shell. It was demonstrated that the highest fracture toughness of
the ternary composite was achieved with the addition of 3 wt% MWCNTs and 3 wt%
CSIMPs, while the maximum values of the tensile strength and modulus were obtained
with same amount of MWCNTs and a lower content (only 1.03 wt%) of the CSIMPs. The
improvement in the fracture toughness of the ternary epoxy composites was attributed
to deflection/crack arrest as well as expanded plastic deformation around the crack tip
induced by the combination of rigid and soft particles. In addition to the processes related
to solid particle bridging, the crack deflection and increase in the crack path caused the
observed reinforcement [117]. However, Zhu et al. [118] used core–shell rubber (CSR) with
zinc oxide-functionalized multiwall carbon nanotubes (ZnO-MWCNTs) to improve the
properties of epoxy resin. The functionalized multiwalled carbon nanotube is expected
to further increase the properties of the matrix compared to the virgin modifier [106].
MWCNT modifiers have attracted great interest as they generally lead to excellent me-
chanical, thermal and electrical properties in composites. Additionally, CSR particles have
the ability to promote compatibility between incorporated modifiers with the matrix. The
obtained results confirmed that the fracture toughness parameter, KC, of the hybrid epoxy
nanocomposite was higher than those of the matrix binary systems, due to the synergistic
effect associated with the shear band formation along with the crack deflection. Similar

35



Polymers 2023, 15, 1398

impressive toughening was achieved by Mehrabi-Kooshki and Jalali-Arani [119] with hy-
brid epoxy nanocomposites based on CSR particles and graphene oxide (GO). As expected,
the tensile strength and modulus of the epoxy systems modified with CSR decreased with
the increasing CSR content, due to matrix flexibilization. With the incorporation of only
0.05 phr GO to the neat epoxy and epoxy/rubber blend, the hybrid epoxy composites
exhibited a significant improvement in the tensile strain at break compared to the virgin
matrix and binary systems. The strain at the break increase resulted mainly from the rubber
particle cavitation and the reduction in the epoxy crosslinking density. However, when
GO was replaced by silica nanoparticles (SNs), hybrid epoxy nanocomposites containing
4 vol% of SNs and 7 vol% CSR showed a fracture energy five times greater than that of the
unmodified epoxy resin with no reduction in the tensile modulus [120]. The increase in the
fracture energy of the matrix was explained by the shear yielding observed at the crack
tips in the epoxy matrix and CSR cavitation and void growth. Interestingly, the observed
lack of SN debonding acted as shear band stoppers. However, due to different constituents
and their relevant possible interactions, it can be emphasized that there is no exclusive
interpretation of the toughening mechanisms in epoxy composites based on CSR and SNs.

Most of the hybrid epoxy resin composites based on solid nanoparticles and liquid
modifiers included nanoparticle debonding and void formation yielding of the polymer
matrix. The created voids by the microparticles slow down the crack propagation and
facilitate the plastic deformation of the epoxy matrix. Table 1 summarizes epoxy nanocom-
posites modified with rubbers and shows the synergistic effects on the matrix properties.

Table 1. Epoxy nanocomposites modified with rubber showing synergistic effect.

Modifiers Improved Properties References

CNT/rubber nanoparticles GC [69]

HTPB/MMT Tensile strength, strain break [79]

Rubber/MMT Tensile modulus [82]

Rubber/SN KC [85]

ATBN/Nanobent Tensile adhesive strength [103]

CTBN/Nanomer 130.E Gc, KC [90]

CTBN/SN Gc, KC [94]

fCNT/CTBNTE Tensile fracture energy [99]

ENR/SN KC [110]

ZnO-MWCNT/CSR KC [118]

GO/CSR Tensile strain break [119]
HTPB—hydroxyl terminated polybutadiene; ENR—epoxidized natural rubber; SN—silica nanoparticles;
CTBNTE—carboxyl-terminated butadiene acrylonitrile; fCNT—functionalized carbon nanotubes; ATBN—amine-
terminated butadiene-acrylonitrile; CTBN—carboxyl-terminated butadiene-acrylonitrile; ZnO-MWCNT—zinc
oxide-functionalized multiwall carbon nanotubes; CSR—core–shell rubber; KC—critical stress intensity factor
(fracture toughness parameter); GC—critical strain energy release rate.

2.2. Hybrid Epoxy Nanocomposites Based on Polyurethanes

Due to their specific mechanical, physical, biological and chemical properties,
polyurethanes (PUs) are a class of versatile materials which can be used in different appli-
cations. Various studies concerned the toughening of epoxy resins by using polyurethanes
and nanoparticles [121–129]. Jia et al. [121,122] demonstrated that the mechanical and ther-
mal properties of interpenetrating epoxy/polyurethane polymer networks (IPNs) modified
with organophilic montmorillonite (oMMT) were superior to those of pure PUs and PU/EP
IPNs, due to an increased degree of exfoliation of the oMMT and better compatibility
between PUs and EP. A strong interaction between the oMMT and the EP/PU IPNs was
confirmed with an increase in hydrogen bonding at the interface between the oMMT and
the EP/PU blend. In a separate work, it was shown that the effective dispersion of oMMT
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in an EP/PU IPN system resulted in a synergistic effect in the tribological performance of
EP/PU nanocomposites [123]. The obtained results also indicated that the thermal degra-
dation temperature of the IPNs was attenuated by the addition of organically modified clay
to the epoxy matrix. Polyurethanes with various structures and mechanical properties were
also investigated by other researchers [124,125]. The maximum improvement in impact
resistance was obtained with a composite containing 2 wt% nanoclay and 10 wt% PUs
synthesized from polyethylene glycol with a molecular weight of 400 g/mol (PU400) and
with 1 wt% nanoclay and 15 wt% PU400, corresponding, respectively, to 110% and 75%
with respect to the unmodified epoxy resin [124]. However, a 10-fold increase in the flexu-
ral strain at break was observed for the composite containing 15 wt% polyoxypropylene
diol-based PUs with a molecular weight of 1000 g/mole and 2 wt% nanoclay, including a
synergistic effect. It is well known that the flexible polyurethane chains form interpene-
trating polymer networks with the epoxy matrix with increased elasticity, while the solid
nanoparticles increase the strength and rigidity of the matrix. Moreover, it is expected that
chemical reactions occur between the hydroxyl groups of the EP and the isocyanate groups
of the PUs (Scheme 3). Hybrid composites with improved mechanical properties will be
obtained due to the increased yielding of EP and nanoclay exfoliation [125].

 
Scheme 3. Reaction between epoxy and polyurethane functional groups.

The impact strength (IS) and critical stress intensity factor (KC) of the epoxy matrix
containing 1 wt% and 2 wt% of nanoclay (Nanobent ZR1) are shown in Figure 3 as a
function of commercial linear polyurethane (Desmocap 12). Although both parameters
express the resistance to crack propagation, they show different trends as a function of the
polyurethane content. The explanation would be related to the order of addition of the
modifiers in the matrix.

 
Figure 3. Effect of polyurethane content on IS and KC of epoxy composites containing 1 wt% and
2 wt% nanoclay (of Nanobent ZR1); (our unpublished results).

Hydrogen bonds can also form at the interface between the organomodified montmo-
rillonite (MMT) and the epoxy/polyurethane interpenetrating polymer network (EP/PU
IPN), leading to a further improvement in the properties of the polymer blend and that of
the epoxy matrix (Scheme 4).
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Scheme 4. Formation of hydrogen bonding at the interface between oMMT and EP/PU IPN.

Moreover, it should be remembered that modified montmorillonite (Cloisite 30B)
contains quaternary ammonium ions with two hydroxyethyl groups which are able to react
with the isocyanate groups of polyurethane, as shown in Scheme 5. This reaction can be
confirmed by the FTIR measurement with a decrease in the peak height of the OH groups
at 3300 cm−1.

Scheme 5. Reaction between hydroxyl groups at surfaces of MMT platelets with isocyanate groups.

Recently, much attention has been paid to the toughening of epoxy resin using nanopar-
ticles in combination with vegetable oil-based polyurethanes [126–129]. Due to their remark-
able importance as an environmentally friendly component, vegetable oils have attracted
considerable attention as a potential alternative to polyols for the synthesis of polyurethanes.
Although some studies on polyurethane nanocomposites are available, works on vegetable
oil-based polyurethane nanocomposites are currently limited. Polyurethanes based on
vegetable oil are known for their very good corrosion resistance, good electrical insulation
as well as their shape memory. They are also inexpensive, available in large quantities
and biodegradable. Li [126] was one of the first to modify interpenetrating polymer net-
works (IPNs) prepared from epoxy (EP) resin and castor oil-polyurethane (PU) by using
different amounts of organophilic montmorillonite (oMMT). Instrumental analysis of the
nanocomposites confirmed a uniform dispersion of the nanoparticles in the IPNs with the
formation of intercalated or exfoliated microstructures. Differential scanning calorimetry
results showed that oMMT promoted the compatibility between the EP and PU phases
accompanied by an improvement in the glass transition temperature of the oMMT/EP/PU
ternary nanocomposites with the increasing oMMT content. The mechanical properties and
thermal analysis indicated that oMMT and the IPN systems exhibited a synergistic effect on
improving the mechanical and thermal properties of the pure EP. It appeared that the for-
mation of cavitations and small cracks contributed to the improvement in the EP properties.
However, it has been shown that the use of multiwalled carbon nanotubes (MWCNTs) to
modify the properties of IPN castor oil-based PU/epoxy resin led to a significant improve-
ment in the matrix properties [127]. The tensile strength of epoxy composites containing
0.1 wt% and 0.7 wt% MWCNTs increased by more than 30% relative to the matrix. The im-
pact strength of the composite with 0.3 wt% MWCNT content increased by approximately
55% compared to the virgin epoxy resin, while the thermal decomposition temperature
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decreased slightly, due most probably to the strong interaction between the nanoparticles
and epoxy/PU matrix. Another vegetable oil (soybean oil) was used by Xu et al. [128] to
prepare a polyurethane (PU) which was then mixed with an EP to form IPN structures. The
ternary epoxy/PU composites containing oMMT exhibited an increased thermal stability as
well as a synergically enhanced tensile strength and tensile modulus. The tensile strength
and modulus of the PU/EP IPNs increased maximally by approximately 65% and 390%
with 4 wt% and 6 wt% of oMMT, respectively. In a separate study, the tensile strength and
scratch hardness of the epoxy resin were significantly improved, and the impact resistance
increased slightly when the polyurethane based on Mesua ferrea L. seed oil (MFLSO) was
used with organically modified bentonite to improve the matrix properties [129]. The
thermal stability of the nanocomposites increased by about 40 ◦C.

The last decades have seen a very significant growth in interest in the use of bioderived
products, which has been driven by the need to replace petroleum-based materials and
produce eco-friendly materials. Recent research has focused on the use of environmentally
friendly and non-toxic routes for the synthesis of polyurethanes, which avoid the use
of diisocyanates. The procedure offers a number of advantages, including the use of
environmentally friendly, inexpensive and biobased components. However, there remains
a great challenge to produce epoxy hybrid nanocomposites based on renewable resources
with improved performance properties and taking into account environmental protection.
Despite the various studies conducted so far to assess the fracture resistance of epoxy
nanocomposites, some issues still remain unclear.

Białkowska et al. [130] prepared and evaluated the mechanical properties of an epoxy
resin by using condensation segmented nonisocyanate polyurethane (NIPU) and nanoclays
(Nanobent) and analyzed the correlation between morphology and blend performance.
The highest values of the impact strength, flexural strength and critical stress intensity
factor were obtained with epoxy hybrid composites containing 10 wt% NIPU and 1 wt%
nanoclay. As in the case of other studies on conventional isocyanate-based PUs [25,26], it
was confirmed that the improvement in the mechanical properties of EP was due to the
formation of an epoxy/NIPU network, an extensive matrix yielding with the formation of
stretched morphology, but with no grafting reaction.

A green polyurethane (NIPU) was synthesized from sunflower oil via an environment-
friendly and non-toxic route and used as a modifier for epoxy resin containing amine-
functionalized graphene oxide (af-GO) [131]. The properties of the nanocomposites have
been shown to increase with the increasing af-GO content, due to the strong hydrogen
bonding and interactions between af-GO with the polymer network. The prepared hybrid
epoxy nanocomposites exhibited a good balance between mechanical, chemical and thermal
properties. These results highlight the potential of this environmentally friendly approach
to prepare renewable NIPUs and high-performance nanocomposite materials.

The occurrence of chemical reactions between components in hybrid epoxy nanocom-
posites is possible due to the presence of urethane linkage in the polyurethane structure.
Therefore, the order of the addition of components is expected to have a crucial effect on
the properties of epoxy composites [132,133]. Cheng et al. [132] studied the component
order of addition on selected properties of epoxy (EP) resin cured with triethylenetetramine
(TETA) and modified with polyurethane (PU) synthesized by reacting polytetramethy-
lene ether glycol (PTMG), isophorone diisocyanate (IPDI) in the presence of dibutyltin
dilaurate (DBTDL). The results confirmed the role of the components in the mixing or-
der, in that the best physical, mechanical and thermal properties were obtained when the
epoxy matrix was first mixed with PTMG, IPDI, DBTDL, before adding TETA. Similar
findings were obtained with two different mixing sequences and their effects on the prop-
erties of epoxy ternary nanocomposites [133]. The mechanical and thermal properties of
epoxy/organoclay/polyether polyol ternary nanocomposites depended largely on the mix-
ing sequence of the constituents. The results showed that the impact strength values of the
ternary nanocomposites were higher when the polyether polyol was mixed with the curing
agent followed by its incorporation into the EP/MMT mixture. This was explained by the
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possible interactions between all the components of the prepared ternary nanocomposites.
The importance of the order of the incorporation of the constituents was confirmed in
our work on the properties of an epoxy resin modified with montmorillonite (MMT) and
conventional polyurethane (PU) [134]. The best mechanical properties were exhibited by
nanocomposites in which prepared PU was first mixed with EP before the incorporation
of MMT (Cloisite 30B). Structural analysis indicated the formation of a non-grafted inter-
penetrating polymer network structure. The improvement in the properties was explained
by the good interactions between the MMT and the polyurethane, possibly via hydrogen
bonding, which, depending on the degree of dispersion of the stratified montmorillonite in
the matrix, tends to improve its intercalation [122,124]. The order of the incorporation and
mixing of the epoxy nanocomposite constituents are shown in Scheme 6.

 

Scheme 6. Mixing order of epoxy nanocomposite constituents.

The addition of flexible polyurethane chains to an epoxy matrix has been shown
to result in the formation of an interpenetrating polymer network (IPN) structure with
improved ductility but also toughness with hydrogen bonding and grafting reactions.
Moreover, the incorporation of solid nanoparticles to the IPN system contributes to the
further reinforcement of the polymer matrix.

Table 2 presents epoxy nanocomposites modified with polyurethanes with a synergistic
effect on the mechanical properties.

Table 2. Epoxy nanocomposites modified with polyurethanes with synergistic effects.

Nanoparticles Improved Properties References

oMMT Wear loss, friction coefficient [123]

oMMT Flexural strain at break [125]

Modified sodium bentonite Tensile strength, Kc [126]

oMMT Na+ Tensile strength, tensile modulus [127]

oMMT—Cloisite 30B Tensile strength, flexural strain at break [134]

2.3. Hybrid Epoxy Nanocomposites Based on Thermoplastics

The concept of incorporating both thermoplastic polymers and nanoclay in the epoxy
matrix has been advanced as an efficient method to produce composites with improved
mechanical and thermal properties. Thermoplastics have been intensively studied for
about four decades as toughening agents because they generally do not cause a significant
reduction in the modulus, yield strength and glass transition temperature, as in the case
of liquid rubbers. Various ductile thermoplastics were investigated as an alternative to
reactive rubber for improving the mechanical properties of the epoxy resins [135–156].
When mixed with an engineering polymer, the epoxy matrix can form an interpenetrating
network which would prevent the agglomeration of the nanoparticles and thus allow their
unform dispersion in the blend.

Although they have a lower strength and toughness than engineering plastics, com-
modity plastics have been employed in combination with nanoparticles to reinforce the
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brittle thermosetting epoxy material. Park and Jana [135] were the first to study the
modification of a diglycidyl ether of bisphenol A (DGEBA) epoxy resin with polymethyl
methacrylate (PMMA) and nanoclay. Mixtures of aromatic and aliphatic DGEBA resins
were prepared with organically modified montmorillonite (Cloisite 30B) and PMMA. The
results confirmed that clay nanoparticles were fully exfoliated in the three-phase compos-
ites when the ratio of epoxy to clay was 10, resulting in a significant improvement in the
tensile and impact strengths. However, Hernandez et al. [136] confirmed that the best
dispersion of nanoparticles in ternary epoxy composites does not lead necessarily to the
highest values of the mechanical properties. A synergistic effect was confirmed in a hybrid
composite based on the same matrix and PMMA, but with a different nanoclay (Nanobent
ZS1) using mechanical mixing followed by additional ultrasonic mixing [137]. The flexural
strain at break and flexural energy to break of the composite containing 1 wt.% MMT and
5 wt% PMMA were higher compared to the epoxy binary systems. The same finding was
obtained for the impact strength and brittle fracture energy of composites based on 2 wt%
MMT and 5 wt% PMMA. The results demonstrated the formation of hydrogen bonding
between PMMA and the epoxy matrix, according to Scheme 7. The improvement in the
properties was explained by the specific interaction between the polymer modifier and
the matrix but also with the uniformly dispersed and well-embedded nanoparticles in
the polymer blend [138]. Rudresh et al. [139] used the same blending procedure and ob-
tained an improved tensile strength and Young’s modulus of hybrid epoxy nanocomposites
containing 6 wt% PMMA and 4 wt% of modified halloysite nanoclay tubes (HNTs). The
fracture toughness parameter, KC, of the hybrid nanocomposite increased by approximately
95%, most probably due to the positive effects generated from the combination of two
dissimilar toughening mechanisms, but also the prepared suspension of nanoparticles
which is supposed to ensure the uniform dispersion and exfoliation of the latter.

Scheme 7. Reaction between poly(methyl methacrylate) and the epoxy matrix.

Poly vinyl chloride (PVC), which belongs to the important group of commodity
thermoplastics with interesting properties, was also used to toughen epoxy nanocomposites.
Kaushal et al. [140] studied the properties of the nanocomposites of epoxy/PVC with
different amounts of organomodified montmorillonite (oMMT) and found that the best
mechanical properties were attributed to ternary epoxy composites with 5 phr PVC and
5 phr oMMT.

Another alternative to toughen epoxy resins was the use of tough engineering ther-
moplastics, such as polysulfone (PSU), polyethersulphone (PES), poly (ether ether ke-
tone) (PEEK), polyetherimide (PEI), acrylonitrile–butadiene–styrene copolymer (ABS),
polycarbonate (PC), poly(styrene-co-acrylonitrile) (SAN) and high impact polystyrene
(HIPS) [141–147]. Wang et al. [141] used both polysulfone (PSU) and graphene oxide (GO)
to toughen DEGBA epoxy resin. The resistance to crack propagation expressed by the
fracture toughness parameter, KC, and the elongation at break of epoxy ternary compos-
ites containing 5 phr PSU and 0.2 phr GO were maximally increased by 90% and 55%,
respectively, compared to the pure matrix, while the tensile strength, Young’s modulus and
thermal stability were not affected. The current strategy of using both PSU and GO as dual
toughening agents is promising for effectively toughening epoxy resins without sacrificing
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mechanical and thermal properties. A similar improvement in mechanical properties was
obtained by Rajasekaran et al. [142] with ternary epoxy composites based on oMMT and
PSU. Introducing 5 wt% oMMT in the modified epoxy/PSU IPN system improved both
the tensile and flexural strength compared to the virgin matrix. A maximum increase
in the impact strength of 56% was exhibited by the hybrid composites containing 8 wt%
PSU and 5 wt% oMMT. The improvement in the mechanical properties of the ternary
composites was explained, on the one hand, by the formation of a flexible IPN structure
within the system, but also by the effective interaction between the nanoclay, the PES and
the epoxy matrix. Studies undertaken by Wang et al. [143,144] concerned the preparation
of epoxy/polyethersulfone mixtures reinforced with organoclay montmorillonite (Nanocor
1.30E). Ternary composites prepared with the environmentally friendly melting method
showed high tensile properties, a high fracture toughness, KC, and good thermal perfor-
mance compared to the solvent method. The dual addition of PES and organoclay resulted
in a synergistic effect on the fracture toughness of the epoxy resin, regardless of the method
used [143]. The KC of the EP/PES blend modified with 1 wt.% organoclay increased
by about 98% compared to the neat epoxy matrix, while it was higher by 49% and 58%
compared to the EP/PES and EP/nanoclay systems, respectively. A different toughening
mechanism has been proposed compared to the above studies, and which would involve
the debonding of the exfoliated nanoparticles but also a bifurcation of the cracks as well as
an induced plastic deformation of the matrix [144]. A similar improvement was obtained
by Tangthana-umrung et al. [145] for the KC of epoxy resin composites containing PES,
graphene nanoplatelets (GNPs) and carbon nanotubes (CNTs). The addition of 5 wt%
PES improved the mechanical properties and thermal stability including 35% and 40%
increases in the tensile strength and fracture toughness, KC, respectively. Hybrid epoxy
nanocomposites based on 5 wt% PES, GNPs and CNTs showed a synergistic toughening on
the KC toward the binary matrix systems, with a remarkably higher Young’s modulus in
all epoxy/PES/CNT hybrid epoxy composites. The toughening of the GNP/PESU hybrid
epoxy composites was attributed mainly to crack deflection by the PESU and GNP particles,
as well as crack bifurcation by the GNP clusters.

If PSU and PES with similar molecular structures were used for their relatively high
rigidity and glass transition temperatures, polyetherimide, poly(ether ether ketone) and
acrylonitrile–butadiene–styrene terpolymer have been widely used due to the excellent
combination of physical and mechanical properties including toughness, stiffness, chemical
and solvent resistance as well as high glass transition temperature.

Studies on epoxy resin toughening using polyetherimide (PEI) combined with amino-
grafted multiwalled carbon nanotubes (NH2–MWCNTs) or carboxyl-functionalised (COOH–
MWCNTs) have been carried out by Chen al. [146] and Ma et al. [147], respectively. The
results indicated a significant improvement in the fracture toughness, impact strength
and flexural strength of the epoxy composites by the simultaneous incorporation of a
low content of PEI and NH2–MWCNTs. Ternary composites with 5 phr PEI and 0.4 phr
NH2–MWCNTs showed the maximum improvement with a synergistic effect in the fracture
toughness, KC [146]. However, the critical strain energy release rate, GC, referred to as
the fracture toughness of composites based on (COOH–CNTs), significantly increased,
while the glass transition temperature and the storage modulus remained unaffected [147].
The interactions between the nano- and microscale toughening under appropriate mixing
conditions led to a synergistic improvement in the GC of the matrix. The debonding of
the nanotubes and the resulting increase in the crack path can explain the toughening of
the epoxy matrix. Hydroxyl-terminated poly (ether ether ketone) oligomer with pendant
methyl groups (PEEKMOH) was used by Asif et al. [148] to toughen DGEBA epoxy resin
modified with organically modified montmorillonite (oMMT). The fracture toughness, KC,
and strain at break of epoxy composites based on 1 phr oMMT and 5 phr PEEKMOH
increased by 65% and 85%, respectively, compared to the neat matrix, without synergistic
reinforcement. This could be related to gel formation during the curing of the matrix.

42



Polymers 2023, 15, 1398

Acrylonitrile–butadiene–styrene terpolymer (ABS) is a high-performance commercial
thermoplastic with a specific structure, a rubbery polybutadiene dispersed in a rigid styrene–
acrylonitrile copolymer system. Due to its excellent mechanical and thermal properties,
ABS was used with nanoparticles to improve the properties of epoxy resin by several
authors [149,150]. Mirmohseni and Zavareh [149] confirmed the increase in the tensile
strength, strain at break and impact strength of a DGEBA resin with the addition of ABS
and organically modified clay (Cloisite 30B). Adding 2.5 wt% clay and 4 phr ABS into the
epoxy matrix resulted in a 133% increase in the impact strength. The impact and tensile
strengths of the ternary composite were higher than the values of the binary systems,
due to a good dispersion of the exfoliated clay platelets in the epoxy/ABS blend and
crack blocking by ABS nanoparticles. A similar improvement in the same mechanical
properties and associated mechanisms was observed in another study with hybrid epoxy
composites containing ABS combined with multiwalled carbon nanotubes (MWCNTs) and
diaminodiphenylsulfone as the matrix curing agent [150]. The impact strength (IS) and
tensile strength (TS) increased significantly by 110% compared to the binary matrix system
and 400% compared to the virgin matrix, while the TS was 165% higher than the binary
system. The detachment of microparticles and nanoparticles can be used with the resulting
energy to explain the improvement in the properties of the hybrid composites, as shown in
Scheme 8.

 

Scheme 8. Crack propagation in epoxy matrix containing microparticles and nanoparticles
(Pp—polymer microparticles, Nano—nanoparticles).

To further improve the properties, the epoxy resin was modified with methyl phenyl
silicone (MPS), before the incorporation of ABS and graphene oxide (GO) [151]. The tensile
strength of the grafted epoxy resin containing 5 wt% MPS, 2 wt% ABS and 0.1wt% GO
increased by approximately 35% compared to the sample containing 5 wt% MPS and 2 wt%
ABS, and up to 50% compared to the pure matrix. Morphology analysis of the samples
revealed the presence of micro-sized domains which were obtained by phase separation,
thus explaining the improvement in the properties.

Polycarbonate (PC) is an amorphous engineering thermoplastic which has good ther-
mal stability, outstanding impact resistance and good transparency. The maximum im-
provement in the impact strength (IS), fracture toughness (KC) and flexural strength was
obtained with an epoxy composite based on 1 wt% montmorillonite (Cloisite 30B) and
5 wt% by weight of PC [152]. An increase of 100% was obtained for the IS and KC, while the
flexural strength was slightly improved compared to the unmodified epoxy resin. Hybrid
composites containing nanofillers in combination with another thermoplastic not only
showed a higher impact strength and resistance to crack propagation, but also showed a
synergistic effect with respect to the fracture energy [24]. From analysis of the morphology
and structure, it appeared that the toughening resulted in part from the extensive yielding
of the matrix and the chemical reactions that took place between the epoxy resin and the
polymeric modifier, which was partially solubilized in the resin (Scheme 9).
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Scheme 9. Reactions between polyamide and the epoxy resin.

Although polyamide (PA) is of great interest as a compatible thermoplastic reinforcing
agent for brittle epoxy resin and because of the possible formation of chemical bonds, there
have not been enough research studies of its use in hybrid epoxy nanocomposites. Gul
et al. [153] conducted an extensive review on epoxy/polyamide modified with nanofillers,
including their application and future trends. It has been shown that the properties of
epoxy/polyamide nanocomposites depend on the type of components as well as on the
level of dispersion of the inorganic nanoparticles. White and Sue [154] evaluated the me-
chanical and electrical properties of a successfully prepared epoxy/MWCNT composite
reinforced with preformed PA particles and using an ultrasonic and solvent evaporation
method. The ternary composite showed significant improvements in the mechanical prop-
erties of the matrix, including a synergistic effect on the tensile strain at break, the fracture
toughness parameters, KC and GC. This was attributed mainly to crack pinning and crack
deflection in the vicinity of the large aggregates. However, the synergistic effect was not
obtained with the composite of epoxy resin modified with polyamide 6 (PA6) and graphene
oxide (GO) nanosheets grafted with PA6 [155]. The fracture toughness of the EP/PA6/GO
increased by 52.6% compared to the neat epoxy resin, due to a better particle/matrix
interface and rougher surface. A similar increase was obtained for the tensile strength
and stiffness of an epoxy composite containing 5 phr of poly(styrene-co-acrylonitrile) and
1 wt% of MMT (Cloisite 20A), due to a good dispersion and reinforcement of nanoparti-
cles [156]. High impact polystyrene (HIPS), as a standard thermoplastic material with a
high impact strength, was combined with Cloisite 30B to improve the properties of the
epoxy resin [157]. A significant improvement was reached in the tensile, compression and
impact resistance of 60%, 65% and 400%, respectively, at the optimized modifier content.
In addition, the tensile, flexural and strain at break under compression were improved
by up to 55%, 40%, and 25% compared to the neat matrix, respectively, while the flexural
strength remained unchanged. Fereidoon et al. [158] obtained a similar improvement in the
previously mentioned properties when using multiwalled carbon nanotubes (MWCNTs)
simultaneously with HIPS. The tensile, compressive and impact strength of the epoxy resin
increased by 52%, 43% and 334%, respectively, while the tensile, flexural and compressive
strain at break increased by 223%, 36% and 26%, respectively. Concurrent use of HIPS and
MWCNTs resulted in synergistic effects on the ultimate tensile strength and tensile and
flexural strain at break, most likely due to the homogeneous dispersion of the modifiers
which act as crack stoppers and reinforcements of the matrix. Due to its high mechanical
and thermal resistance, polyethylene terephthalate (PET) was combined with nanoparticles
to toughen the epoxy resins. Prepared epoxy/PET/Al2O3 nanocomposites showed an
improved tensile and impact strength combined with an excellent dielectric and heat resis-
tance [159]. The improved properties of the ternary composites were remarkably superior
to those of both the binary systems and the unmodified epoxy matrix. Sánchez-Cabezudo
et al. [160] used polyvinyl acetate (PVA) for its miscibility with diglycidyl ether of bisphenol
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A resin (DGEBA) and two organomodified montmorillonites (Cloisite 30B and Cloisite
93A) to strengthen the polymer matrix. The ternary epoxy nanocomposites developed
different morphologies depending on the PVAc content. As expected, the inclusion of
solid nanoparticles in the epoxy matrix improved the stiffness but decreased the ductility,
while PVA improved the toughness and reduced the stiffness. The tensile strength in the
epoxy composites with Cloisite 30B was higher than with Cloisite 93A due to the stronger
adhesion between the components. Ternary composites containing 10 wt% Cloisite 30B and
10 wt% PVAc exhibited a good balance between the tensile modulus and toughness. The
most dominant toughening mechanism in hybrid epoxy/thermoplastic nanocomposites
remains particle debonding from the matrix as well as crack deflection and matrix plastic
deformations. Table 3 shows epoxy nanocomposites modified with thermoplastics showing
the synergistic effects on selected matrix properties.

Table 3. Epoxy nanocomposites modified with thermoplastics showing synergistic effects on selected
matrix properties.

Thermoplastics Nanoparticles Improved Properties References

PMMA Nanobent ZS1 Flexural energy at break, flexural strain at break,
impact strength, fracture energy [137]

PMMA HNT Tensile strength, Young’s modulus [139]

PES Nanocor 1.30E KC [143,144]

PES CNTs, GNTs KC [145]

PEI COOH-CNTs GC [146]

PEI NH2-MWCNTs KC [147]

ABS Cloisite 30B Impact strength, tensile strength [149]

ABS MWCNT Impact strength, tensile strength [150]

PA MWCNT Tensile strain at break, KC, GC [154]

HIPS MWCNT Tensile strength, tensile and flexural strain at break [158]

PET Nano-Al2O3 Impact strength, tensile strength [159]

PC Bentone 34 Fracture energy [24]

PES—polyethersulfone; PC—polycarbonate; PMMA—poly(methyl methacrylate); PET—polyethylene tereph-
thalate; ABS—acrylonitrile butadiene styrene; PA6—polyamide 6; oMMT—organomodified montmorillonite;
Nanocor 1.30E—montmorillonite; GO—graphene oxide; MWCNT—multiwalled carbon nanotubes; NH2-
MWCNTs—amine terminated multiwalled carbon nanotubes; COOH—CNTs carboxyl terminated carbon nan-
otubes; HNT—halloysite nanoclay tubes.

2.4. Hybrid Epoxy Nanocomposites Based on Block Copolymers

Block copolymers offer several advantages over other copolymers due to their spe-
cific structures which consist of blocks of chemically dissimilar homopolymers linked
together by covalent bonds. The effectiveness of a small amount of block copolymers as
toughening agents for epoxy resins has been confirmed by various researchers [161–163].
They have also been considered as potential reinforcing agents in combination with solid
nanoparticles for epoxy resins. Block copolymers such as polystyrene–polybutadiene–
polymethylmethacrylate (SBM) and polymethylmethacrylate–polybutylmethacrylate– poly-
methylmethacrylate (MAM) have been used as effective soft toughening agents of bisphenol
A (DGEBA) epoxy resin [162,163]. Tao et al. [162] demonstrated that the fracture tough-
ness parameter, KC, and impact strength of an epoxy resin containing 10 phr poly(methyl
methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacrylate) triblock copolymer in-
creased by 91.5% and 83.5%, respectively. They explained the increase in the mentioned
properties by the nanophase structure obtained by self-assembly during the curing process.
It was further confirmed that the toughness was improved to a large extent without sig-
nificantly decreasing the glass transition temperature of the blends. In another work, the
addition of 5 wt% poly(ethylene-alt-propylene)-b-poly(ethylene oxide) (PEP-PEO) (BCP)
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block copolymer to a DGEBA epoxy resin led to a 100% improvement in the fracture
toughness (KC), without affecting the modulus and Tg [163]. The self-assembly of BCP
molecules into well-dispersed wormlike micelles, which are more efficient than spher-
ical micelles, also contributes to the KC increase. As in most of the works previously
described [85,94,110,139,144,145], the improvement in the properties was explained by the
crack tip blunting, crack bridging, particle debonding and shear yielding of the matrix.
When this BCP was incorporated with silica nanoparticles in the epoxy formulation, the
BCP micelles were fixed on the surfaces of the nanoparticles, thus limiting the agglomer-
ation of the latter [164]. The addition of 10 wt% nanosilica resulted in an increase in the
critical stress intensity factor, KC, by 20% and the critical strain energy release rate, GC,
by 25%, while the use of only 5 wt% BCP resulted in a significant improvement in the KC
(115%) and GC (∼400%), compared to the virgin epoxy matrix. Moreover, the KC and GC
parameters were further improved when simultaneously incorporating 10 wt% nanosilica
and 5 wt% BCP into the epoxy resin, beyond those obtained with the EP/nanosilica systems
and EP/BCP, individually. However, various investigations have confirmed that a syner-
gistic improvement is obtained in the properties of hybrid epoxy nanocomposites when
specific conditions are met. Jojibabu et al. [165] investigated the effect of functionalized
carbon nanotubes (fCNTs) with two different triblock copolymers designated as SBM and
MAM on the lap shear strength (LSS) of an epoxy resin. The LSS of composites based on
1 wt% fCNTs and 10 wt% MAM or 1 wt% fCNTs with 10 wt% SBM was 81% and 137%
higher than that of the pure matrix. However, the highest LSS with a positive contribution
of both modifiers was obtained when 0.5 wt% fCNTs were used in the ternary composite.
It has been established that the increase in the LSS was caused by the excessive plastic
deformation of the matrix in addition to the formation of voids and nanoparticle pull-out.

The addition of 5 phr polystyrene–polybutadiene–poly(methyl methacrylate) triblock
copolymers with unfunctionalized carbon nanotubes (CNTs) resulted in an increase in the
fracture toughness, KC, of 115% and critical energy release rate, GC, of 410% compared to
the unmodified matrix [166]. Interestingly, the incorporation of a small amount, 0.25 phr, of
CNTs also increased the fracture toughness parameters but only by 14.5%. Nevertheless,
the combination of copolymers and CNTs did not further increase the fracture toughness of
the rubber-modified epoxy, due to the small contribution of crack deformation and matrix
yielding, which are considered along with particle pull-out as processes leading to polymer
toughening. Schuster and Coelho [167] were also unable to obtain a positive toughening
effect from the addition of a block copolymer (BCP), carbon nanotubes (CNT) and graphene
nanoplatelets (GNP) on the properties of the epoxy resin. The results showed that a hybrid
composite based on 0.5 wt% BCP, 0.25 w% CNT and 0.25 wt% GNP showed an increase in
the KC of 34% compared to the neat epoxy. The fracture toughness of the hybrid composite
was not significantly improved compared to the binary epoxy systems, due to the difference
in the mechanisms for the improvement in the properties and the inadequate proportion of
the hybrid composite constituents. It seemed that the proportion of nanoparticles in the
composite was not optimal to achieve a synergistic reinforcement of the matrix.

A similar trend was observed when a functionalized PMMA-bloc-PbuA-bloc-PMMA
copolymer was used in combination with MWCNT nanofillers to develop hybrid epoxy
nanocomposites [168]. The fracture toughness parameters, KC and GC, of the epoxy
composite containing 6 wt% copolymer and 0.075 wt% MWCNTs increased from 0.57
to 1.41 MPa.m1/2 and 0.096 to 0.59 kJ/m2, respectively, but with no synergistic toughening
effect. On the other hand, the tensile strength, strain at yield and modulus decreased with
the increasing amount of copolymer particles, due to the softness of the particles. On the
other hand, Zhang et al. [169] have recently demonstrated that the simultaneous addition of
block copolymers based on polyethylene glycol and polypropylene glycol and multiwalled
carbon nanotubes (MWCNTs) to an epoxy matrix resulted in a synergistic effect on the
critical stress intensity factor (KC). The fracture parameter maximally increased with the
introduction of 5 wt% copolymer or 0.25 wt% MWCNTs, compared to the neat matrix. With
the simultaneous incorporation of 5 wt% copolymer and 0.25 wt% MWCNTs, the KC value
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was significantly increased and was much higher than the binary system EP/copolymer
and EP/MWCNTs. This was generated by a very good dispersion of the MWCNTs in the
matrix, favored by the presence of the block copolymer, but also by the pull-out of MWCNT
particles, crack bridging and matrix shear yielding. This is consistent with the positive
results of Li et al. [170], who prepared ternary epoxy composites by using amine-terminated
poly(butadiene−acrylonitrile)-functionalized graphene oxide (fGO) and a poly(ethylene
oxide)-b-poly(ethylene-alt-propylene) diblock copolymer (BCP). The toughening efficiency
of fGO alone was found to be highly dependent on the modifier concentration and the
crosslink density of the matrix. The addition of 0.04 wt% GO with a lightly crosslinked
density resulted in a 1.7-fold increase in the fracture energy, GC, over the neat epoxy, while
the incorporation of 5 wt% BCP enhanced the parameter, GC, of the epoxy resin by a factor
of 12. The combination of the rigid fGO and soft BCP particles at 0.04 wt% and 5 wt%,
respectively, led to an 18 times increase in the GC over the unmodified matrix and a 31%
improvement over the binary systems.

A synergistic effect was also confirmed in the study on epoxy toughening by the simul-
taneous inclusion of block copolymers (BCPs) and core–shell particles (CSPs).
It was shown that the epoxy/BCP/CSP flexural strength and fracture toughness (KC)
were significantly enhanced compared to the neat epoxy, BCP/epoxy and CSP/epoxy
systems, while the thermal stability was maintained almost unchanged [171]. The morpho-
logical analysis of the epoxy composites indicated that the BCP micelles were deformed
and pulled out from the matrix, thus creating voids in the composites. These successive
processes were considered responsible for the drastic improvement in the fracture tough-
ness. Epoxy nanocomposites modified with block copolymers showing synergistic effects
are shown in Table 4.

Table 4. Epoxy nanocomposites modified with block copolymers showing synergistic effects.

Nanoparticles Improved Properties References

Nanosilica KC [164]

fCNT Lap shear strength [165]

MWCNT KC [169]

fGO GC [170]

CSP Flexural strength, KC [171]
CSP—core–shell particles (core—Poly Butadiene, shell—PMMA); MWCNT—multiwalled carbon nanotubes;
fGO—amine-terminated poly(butadiene−acrylonitrile)-functionalized graphene oxide; fCNT—functionalized
carbon nanotubes.

2.5. Hybrid Epoxy Nanocomposites Based on Diluents

It was reported that the inclusion of soft modifiers such as plasticizers or reactive
diluents to epoxy resin generally deteriorate the mechanical properties, including the yield
strength, stiffness and glass transition temperature. Plasticization of the epoxy matrix has
also been considered as a possible method to increase some properties of epoxy resin by
the flexibilization resulting from the increased free volume. Recently, reactive diluents
have been considered as a potential modifier to improve the elasticity and impact strength
of brittle epoxy resins. Rahman et al. [172] showed that the flexural strength, flexural
modulus and energy to break of DGEBA epoxy resin increased maximally with 0.3 wt%
NH2-MWCNTs (amino-functionalized multiwalled carbon nanotubes) and 10 phr polyether
polyol. Furthermore, the hybrid nanocomposite showed a synergistic effect on the KC
and the flexural fracture energy of the epoxy matrix. The crack deflection, void formation
with particle cavitation, nanoparticle debonding and induced shear yielding result in a
drastic increase in the properties of the matrix [173]. A study carried out by Yi et al. [174]
confirmed a positive toughening on the properties of an epoxy resin modified with oxidized
multiwalled carbon nanotubes (oCNTs) and NCO-terminated reactive oligomer. The
highest impact strength was obtained for the epoxy composite containing 10 wt% of
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oligomer and 0.5 wt% of oCNTs at room temperature (RT) and cryogenic temperature
(CT), compared to the unmodified matrix as well as binary epoxy systems. The epoxy
was toughened at RT and CT by the introduction of the flexible oligomer and was further
reinforced by the addition of the oCNTs, without altering its tensile strength, due to
positive interactions between the nanoclay and epoxy matrix as facilitated by the oligomer.
In the case of the use of oxidized and amine-functionalized multiwalled carbon nanotubes
(MWCNTs) with 5.0 wt% of reactive diluent, the IS of the epoxy resin was improved by up
to 260% compared to the pure matrix, but no synergism [175]. However, a different result
was obtained with the addition of oMMT (Cloisite 30B) and 7 wt% of polyether polyol
which caused a decrease in the tensile and impact strength of the epoxy matrix with an
increasing amount of nanoparticles [176].

Due to the presence of flexible ether linkages, polyethylene glycol (PEG) is expected to
increase the toughness of epoxy resin. Chozhan et al. [177] reported that epoxy nanocom-
posites modified with PEG and/or octanediol (OCT) exhibited improved mechanical
properties. The impact and tensile strengths of epoxy composites containing 3 wt% organ-
oclay and 20 wt% PEG or 3 wt% organoclay and 10 wt% OCT were increased by 95% and
30%, respectively, compared to the neat epoxy. However, a considerable improvement was
noted in the fracture toughness parameter, KC, of 255% and 334%, respectively, compared
to the neat matrix when the epoxy matrix was modified with 0.1 wt% graphene oxide
(GO) or 0.1% wt% of (PEG-grafted GO (GO-g-PEG). Moreover, the thermal degradation
temperatures of epoxy nanocomposites based on GO and PEG-grafted GO have been
increased by 50 ◦C [178].

Furthermore, Chang et al. [179] studied the effects of different processing conditions,
diluent and nanosilica content on the properties of epoxy nanocomposites. As expected,
the addition of a diluent reduced the hardness of the composites, while the impact strength
of composites containing 1 wt% of nanopowders without a diluent increased compared to
the neat epoxy matrix. Although the addition of a diluent made mixing processes easier
and more efficient, it reduced the impact strength value of the nanocomposites. Diluents
are also used to provide a uniform dispersion of nanoparticles in the polymer matrix and
therefore contribute to improved epoxy performance properties [180].

The effect of hexanediol diglycidylether as a reactive diluent for an epoxy resin cured
with an anhydride hardener and modified with silica nanoparticles (SNs) and core–shell
rubber (CSR) nanoparticles was studied by Carolan et al. [181]. The addition of 25 wt%
of a reactive diluent to the epoxy matrix resulted in a 38% increase in the fracture energy
compared to a six-fold increase with the incorporation of 20 wt% of CSR nanoparticles
without a diluent. However, the fracture energy (GC) improvement was much more signifi-
cant with 25 wt% of a reactive diluent and 16 wt% CSR nanoparticles with a synergistic
effect on the GC. The hybrid epoxy nanocomposites with both SNs and CSR showed only
a modest increase in the GC. The increase in the toughness of the hybrid materials was
related to the good dispersion of the nanoparticles in the epoxy polymer matrix. Another
study concerned the contribution of 1,6-hexanediol diglycidyl ether (reactive diluent) in
the toughening of DGEBA epoxy resin modified with graphene nanoplatelets (GNPs) and
carboxyl-terminated acrylonitrile butadiene rubber (CTBN) or core–shell rubber (CSR) [182].
The fracture toughness parameter, KC, of the matrix increased by approximately 430% with
the incorporation of 9 wt% CTBN and 12.5% of the reactive diluent. In addition, the in-
corporation of a reactive diluent has been shown to improve the toughness of the epoxy
polymer modified with CSR particles, due to the increased ductility of the epoxy matrix.
The corresponding toughening mechanisms are those described previously [172,173]. In
the work undertaken by Sarafrazi et al. [183], thermoplastic polyester urethane (PU) was
used to toughen a DGEBA epoxy resin containing copper chromite CuCr2O4 nanopar-
ticles, castor oil (ECO) and montmorillonite (Cloisite 30B). A diminution in the tensile
strength and rigidity was reported for the DGEBA/ECO system as a result of the decrease
in the crosslinking density. Moreover, optimization of the properties revealed a synergistic
toughening with the fracture toughness parameter (KC) and fracture energy (GC) of the
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DGEBA/ECO/Cloisite (at a ratio of 8:2:0.1) system which were found to be higher than the
other epoxy systems. The improved hybrid properties have been explained mainly by the
good dispersion of the nanoparticles as well as their interactions with the matrix, with the
respective reactive groups. However, it was found that the use of epoxidized vegetable oil
from Mesua ferrea L. seeds in an epoxy resin containing nanoparticles decreased the viscosity
as expected but improved the mechanical and adhesive properties of the cured resin [184].
A significant enhancement in the adhesive strength was reached with 2.5 wt% nanoclay.

Liquid modifiers and solid nanoparticles are known to affect the properties of brittle
epoxy resins differently, by flexibilization and strengthening, respectively. However, their si-
multaneous incorporation in the epoxy matrix can lead to positive toughening [71,73,81,83].
Table 5 summarizes the effects of nanoparticles and diluents on the properties of epoxy
resins with relevant references.

Table 5. Improved epoxy resin properties as a function of the type of diluent and nanoparticles.

Diluent Nanoparticles Improved Properties References

polyether polyol NH2-MWCNT KC, flexural energy to break [172]

NCO terminated reactive oligomer Oxidized CNTs Impact strength [174]

Reactive diluent CSR GC [181]

Castor oil Cloisite 30B KC, GC [183]

NH2-MWCNT—amino-functionalized multiwalled carbon nanotubes; oCNT—carbon nanotubes. CSR—core–
shell rubber nanoparticles; Reactive diluent—hexanediol diglycidylether; GC—fracture energy; KC—critical stress
intensity factor.

2.6. Hybrid Epoxy Nanocomposites Based on Thermosets

Unsaturated polyester (UP) resins, one of the most widely used thermosetting resins,
have very good chemical and corrosion resistance, high thermal stability, good process-
ability and low cost. Although cured UP resins are brittle with a low impact strength and
poor resistance to crack propagation, they are expected to act as a toughening agent for
epoxy resin. It has already been confirmed that oMMT improves the mechanical properties
of the epoxy matrix through the exfoliation/intercalation processes [57,59]. Moreover, the
introduction of unsaturated polyester into epoxy resin has been shown to improve its
mechanical properties due to chain entanglement and network formation [185].

Various researchers used organomodified montmorillonite (oMMT) in combination
with UP to toughen epoxy resins [186–188]. Chozhan et al. [186] modified epoxy resin
(EP) with oMMT clays and unsaturated polyester (UP). The impact strength of an EP
reinforced with 5 wt% oMMT and 10 wt% UP was maximally increased by more than 35%
over that of the unmodified matrix. The tensile and flexural properties of the cited hybrid
nanocomposites were also enhanced, due to the formation of intercalated nanocompos-
ites and the formation of chain entanglements between UP and the epoxy matrix. The
contribution of two types of oMMT nanoclays, namely Cloisite 30B and Nanomer, on
the toughening of epoxy resin modified with UP was reported in another study [187].
The UP-toughened epoxy composite containing 1 wt% Cloisite 30B showed the optimum
increase in the tensile strength (15%), tensile modulus (20%), flexural strength (10%) and
flexural modulus (20%) compared to the epoxy/UP blend. In addition, the mechanical
properties of Cloisite-based nanocomposites were superior to those of nanocomposites
with Nanomer and the adhesion between the epoxy/UP and Cloisite was superior to that
between the epoxy/UP and Nanomer. The very good dispersion and exfoliation of the
nanoparticles within the epoxy/UP system, in addition to the creation of an IPN structure,
lead to an increase in the mechanical properties. Similar property enhancements have been
reported in another study [186]. Other researchers have reported similar results [188]. The
use of mechanical mixing followed by an ultra-sonication process resulted in a significant
improvement in the tensile, impact and shear strengths of an epoxy/UP blend modified
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with bentonite [188]. However, manual mixing alone led to a reduction in the tensile
strength and tensile modulus of an epoxy/UP/oMMT hybrid composite [189].

Studies have demonstrated that the increase in properties can be achieved by an opti-
mum mixing of composite constituents [190,191]. In the work on UP/EP systems containing
amine-modified silica nanoparticles (SNs), the decrease in the tensile and flexural strengths
of the epoxy matrix due to the addition of UP was overcome by adding nanoparticles [190].
The combination of high shear mechanical mixing followed by an ultra-sonication process
led to improved properties through the formation of crosslinked networks. Furthermore,
hybrid epoxy composites containing UP and amine-functionalized multiwalled carbon nan-
otubes (NH2-MWCNTs), which were prepared using ball milling and sonication processes
for the efficient dispersion of the nanoparticles in the epoxy matrix, exhibited improved
tensile and flexural properties [191]. Tg values were also increased to an appreciable level
with the incorporation of nanoparticles into the UP/EP system. The obtained positive
results were explained by the homogeneous morphologies of the EP//UP blend and the
chemical reactions between the reactive groups of EP and nanoparticles. However, Le
and Huang [192] compared the effects of multiwalled carbon nanotubes (MWCNTs) and
graphene nanoplatelets (GNPs) on the mechanical properties of an epoxy/unsaturated
polyester mixture at different ratios. As in previous investigations, it was confirmed that
a small amount of added MWCNTs (1 wt%) or GNPs (0.2 wt%) resulted in a significant
increase of about 85% in the tensile strength of the epoxy/polyester blend.

Vinyl ester and phenolic resins have also been tested as potential toughening agents for
epoxy/nanoclay composites [193,194]. Vinyl ester resin was used by Chozhan et al. [193]
for its improved strength and chemical resistance to prepare composites with an epoxy
resin (EP) and montmorillonite (oMMT). The obtained results showed that the addition
of 10 wt% vinyl ester oligomer (VEO) and 5 wt% oMMT to the EP improved the tensile,
flexural and impact strengths by more than 30% compared to the unmodified EP. The tensile
modulus and flexural modulus values followed the same trend. The improvement in the
mechanical properties was attributed to the formation of chain entanglements between
EP and VEO, by the exfoliation of nanoclays as well as the homogeneous dispersion of
montmorillonite in the epoxy system. Due to the acceptable mechanical properties already
reported on phenolic–epoxy networks [194], the incorporation of both phenolic resin and
nanoclay should improve the properties of the epoxy matrix. The epoxy/phenolic blend
modified with 2.5 wt% montmorillonite (Cloisite 30B) showed a maximum increase in the
fracture toughness (70%) and Young’s modulus (30%) compared to the virgin matrix [195].
The improvement in the toughness was attributed to the crack pinning and deflection as
well as the formation of the shear band in the matrix.

As in the case of unsaturated polyester, cyanate ester resin possesses attractive per-
formance properties but exhibits poor flexibility and high brittleness, which limits its use
in many areas. It is expected that a mixture of epoxy resin (EP) and cyanate ester (CE)
reinforced with selected nanoparticles would result in improved mechanical properties.
EP/CE blends reinforced with functionalized multiwalled carbon nanotubes (MWCNTs)
have been prepared by Li et al. [196] and their properties evaluated at room temperature
(RT) and liquid nitrogen temperature (77 K). The functionalization of the MWCNTs im-
proved their dispersion in the matrix as well as the interfacial bonding with the blend.
The mechanical properties were greatly improved compared to nanocomposites based on
non-functionalized MWCNTs. The tensile strength of the nanocomposites at 0.5 wt% of
MWCNT loading increased by 11.6% at RT and 18.3% at 77 K, relative to the neat matrix.
This increase was attributed to the good dispersion and strong interfacial bonding between
the functionalized MWCNTs and the cyanate ester/epoxy system. The tensile modulus of
the nanocomposites followed the same trend as the tensile strength. All presented studies
showed an improved but without the expected synergistic effect which is the main goal of
each hybrid composite.

The studies indicated that the introduction of unsaturated polyester resin into the
epoxy resin and further reinforcement with nanoparticles improved the mechanical and
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damping properties to an appreciable extent but with no reported positive toughening and
synergistic effect.

3. Applications of Epoxy Hybrid Nanocomposites

Depending on the improved properties, the prepared hybrid epoxy nanocomposites
can be used in various fields. Epoxy/rubber nanocomposites can used as adhesives,
while those based on engineering thermoplastics can be intended for the fabrication
of advanced composite materials in the building, automotive and aerospace industries.
Epoxy/unsaturated polyester systems are employed as a matrix for high-performance
composites for engineering applications. The mentioned hybrid epoxy nanocomposites
can also be used in existing fields but under severe conditions.

4. Future Trends and Challenges

This review presents advances on the improvement in the properties of epoxy nanocom-
posites modified with different types of modifiers. It focused on the toughening of digly-
cidyl ether of bisphenol A (DGEBA) epoxy resin by using solid nanoparticles with other
modifiers such as rubbers, thermoplastics, thermosetting resins and diluents. It has been
demonstrated that the performance properties of hybrid nanocomposites depend not only
on the type and amount of components, and their eventual interactions, but also on the
processing conditions [197–199].

The major challenges to be met in the context of obtaining hybrid polymer compos-
ites with high-performance properties remain in the choice of compatible polymers and
nanofillers, the appropriate processing method of the constituents as well as the appropriate
functionalization and dispersion of the nanofillers. The search for eco-friendly or green
polymer nanocomposites is of great importance for researchers because of the necessary
protection of the environment. The use of biobased and/or biodegradable modifiers seems
to be a logical path toward reducing the problems of recycling ever-increasing quantities of
plastic products.

Nevertheless, due to the very convincing results recorded during the last decade with
remarkable synergies on the mechanical properties of epoxy resin, it would be wise to
explore the method of reinforcing epoxy resin with only nanofillers such as montmorillonite,
graphene platelets and multiwalled carbon nanotubes [200–203].
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Abstract: The contraction/expansion laminar flow containing rodlike particles in power-law fluid is
studied numerically when the particles are in a dilute phase. The fluid velocity vector and streamline
of flow are given at the finite Reynolds number (Re) region. The effects of Re, power index n and
particle aspect ratio β on the spatial and orientation distributions of particles are analyzed. The
results showed that for the shear-thickening fluid, particles are dispersed in the whole area in the
contraction flow, while more particles are gathered near the two walls in the expansion flow. The
spatial distribution of particles with small β is more regular. B has a significant, n has a moderate, but
Re has a small impact on the spatial distribution of particles in the contraction and expansion flow.
In the case of large Re, most particles are oriented in the flow direction. The particles near the wall
show obvious orientation along the flow direction. In shear-thickening fluid, when the flow changes
from contraction to expansion, the orientation distribution of particles becomes more dispersed;
while in shear-thinning fluid, the opposite is true. More particles orient to the flow direction in
expansion flow than that in contraction flow. The particles with a large β tend to align with the
flow direction more obviously. Re, n and β have great influence on the orientation distribution of
particles in the contraction and expansion flow. Whether the particles initially located at the inlet
can bypass the cylinder depends on the transverse position and initial orientation of the particles
at the inlet. The number of particles with θ0 = 90◦ bypassing the cylinder is the largest, followed
by θ0 = 45◦ and θ0 = 0◦. The conclusions obtained in this paper have reference value for practical
engineering applications.

Keywords: rod-like particles; power-law fluid; spatial distribution; orientation; numerical simulation

1. Introduction

The flow containing rodlike particles is very common in chemical industry, materials,
environmental protection and other industries. There are several important factors that
determine the characteristics of such flow, and the most important factors are the spatial
distribution and orientation of rodlike particles in the fluid.

The motion of rodlike particles in flows is complicated because the particle rotation and
orientation are coupled with the translation motion. The particles will exhibit nonuniform
spatial distribution and non-isotropic orientation distribution due to the difference of the
flow velocity and shear rate in different region, which has aroused people’s attention.
Altan et al. [1] adopted the model of Dinh-Armstrog [2] and obtained the orientation
distribution of particles by solving the equation of the direction tensor in a channel flow
based on the assumption that the particles moved in a plane, and the rodlike particles
are assumed to be rigid cylindrical bodies with negligible inertia. Chono and Makino [3]
obtained the spatial and orientation distributions of particles by solving the equation of
directional tensor combined with the equivalent strain tensor model and with considering
the effect of particles on the fluid for the flow between two plates. Chiba and Nakamura [4]
studied two-dimensional orientations of 1800 fibers in a Newtonian flow through a 1:4
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backward-facing step channel, and found that the fibers with large aspect ratio (β = 10,000)
are completely arranged along the streamline direction, while the fibers with small aspect
ratio (β = 5) have a dominant orientation. Chiba et al. [5] solved the kinetic energy equation
coupled with distribution function of fiber orientation for the flow between two plates, and
the suspension consisted of high aspect-ratio 180 rigid fibers in a Newtonian fluid. They
showed that the non-isotropic distribution of fiber orientation and stress occurred near
the entrance, and the inlet region presented a significant non-Newtonian flow effect with
the increase of fiber concentration and aspect ratio. Lin et al. [6] used three-dimensional
vortex method to simulate the circular jet flow, and then calculated the fiber motion in
flow by particle trajectory model without considering the effect of particle on the flow,
finally obtained the spatial and orientation distributions of fibers under different Reynolds
number, Stokes number and fiber aspect ratio. Lin et al. [7] compared various forces exerted
on a moving rod-like particle in an incompressible elongational-shear flow, and indicated
that the Stokes resistance, Basset force and added mass were much larger than the Magnus
force, Saffman force and pressure gradient force.

Cai et al. [8] studied the gas-solid two-phase turbulent flow of rod-like particles with
two-way coupling approach, and showed that the volume fraction of particles in central
region was higher than that in near-wall region, the velocity and pressure of the flow
decreased evidently in the region where the volume fraction of particles was high. They
also obtained the distributions of pressure, velocity and turbulent kinetics along the axis of
the riser [9]. Hao et al. [10] simulated numerically the frictional rod-like particle shear flows
with different size distributions (monodisperse, binary, Gaussian, uniform), it was found
that stress fluctuation reached the maximum, and stress rate increased with the increase of
volume fraction at the jamming volume fraction. The jamming volume fraction presented
obvious dependences on the fraction of longer particles and particle size in the case of
polydisperse particles. They also indicated that no segregation appeared in the absence of
gravity and interstitial fluid medium. The minimum stress difference due to the change in
volume fraction of a particle species was observed at volume fraction of 0.2 [11].

The investigations as shown above are related to the case of rod-like particles flowing
in the Newtonian fluids. However, in many industrial applications, the fluid containing
rodlike particles is non-Newtonian fluid. The scenario is even more complex when rodlike
particles are suspended in non-Newtonian fluids due to the fluids itself show the rheological
properties, so the dynamics of rodlike particles in non-Newtonian fluids has been becoming
the focus which people greatly concern for. Leal [12] studied the translation of a slender
axisymmetric rodlike particle through a quiescent second-order fluid and rotation in a
simple shear flow of the same material, and the results showed that freely translating
particles with fore-aft symmetry presented a single stable orientation. The rheological
property caused a particle drift through Jeffery orbit to equilibrium orbit at small and
moderate shear rates. The rate of orbit drift could be employed to determine the second
normal stress difference which also controlled the drifting rate. Brunn [13] studied the
motion of rigid particles in a homogeneous shear flow of a viscoelastic fluid with a creeping-
motion equation, and indicated that rod-like particles moved towards a vorticity alignment
in the flow plane and tumble around the vorticity axis. Cohen et al. [14] studied the
particle orientation in a dilute suspension of rod-like particles in a second-order fluid and
found that most particles oriented close to the vorticity axis when the fluid elasticity was
strong enough to restrain the rotational diffusion of the particles. Iso et al. [15,16] showed
that a single rodlike particle rotated towards the vorticity axis in weakly elastic fluids
(100 ppm polyacrylamide), but aligned rapidly along the flow direction in highly elastic
fluids (1000 and 2000 ppm polyacrylamide). In intermediate elastic fluids (200 and 500 ppm
polyacrylamide), the particle had an orientation in between the flow and the vorticity
direction. Gunes et al. [17] studied the flow-induced orientation of spheroidal particles
in viscoelastic fluids with a wide range of rotational Peclet and Weissenberg numbers,
and indicated that particle changed orientation from a random state to spinning in Jeffery
orbits with increasing shear rate. At higher elasticity, particles reoriented again to the flow
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direction with the exception in Boger fluids. With suitable flow histories bimodal flow-
vorticity orientation distributions could be generated. De Borzacchiello et al. [18] proposed
simplified modeling of short rodlike particles in second-order fluids from microscopic to
macroscopic scales, which could be used in industrial simulation software. Phan-Thien’s
group [19,20] extended the complete double layer boundary integral equation formulation
for Stokes flows to viscoelastic fluids to solve the mobility problem for a particle in an
unbounded body of fluid, and showed that viscoelastic stresses slowed down rotation of
prolate spheroid in a shear flow of Oldroyd-B fluid at a relatively small Deborah number.
Lin et al. [21] studied the dynamics of rod-like particles in the contraction flow of a second-
order fluid when the particles were in a dilute phase, and showed that the spatial and
orientation distributions of particles were dependent on the inertia, viscoelasticity and
effect of confined wall. High shear rate of the fluid made the particles align with the flow
direction. Particle spatial distribution became more non-uniform, andmore particles tended
to align with theflowdirection with increasing Deborah number and contraction ratio.
Particle aspect ratio had a weaker effect on the particle distribution than Deborah number,
Stokes number and contraction ratio. Lin et al. [22] explored the effect of various factors on
the orientation distributions of rod-like particlesin a mixing layer of an Oldroyd-B fluid
in the range of Stokes number (St) from 0.005 to 1.0, Weissenberg number (Wi) from 5 to
15, particle aspect ratio (α) from 5 to 25, and indicated that the particles with a small St
were distributed homogenously. More particles aligned on the flow-gradient plane with
the increase of Wi, and the decrease of St and α. Wi had a stronger effect on the orientation
distribution than St and α. Stover and Cohen [23] studied the motion of suspended rodlike
particles in the flow between two flat plates of at low Reynolds numbers, and obtained
the data for rodlike particles with aspect ratios of 12.0 suspended in a Newtonian fluid;
and for rodlike particles with aspect ratios between 5 and 8 in a non-Newtonian fluid. The
results showed that, for the Newtonian fluid, particles aligned with the flow direction and
less than a particle half-length from a wall interacted irreversibly with the wall; for the
non-Newtonian fluid, particles that were aligned with the flow direction and were near
walls did not rotate. Domurath et al. [24] studied numerically the properties of power-law
fluids filled with rigid rods of different aspect ratios, and found that there was no similarity
between the rheological coefficients for these particles at large aspect ratios; there were
negligible differences in the angular velocities between the Newtonian and power-law
matrix fluids, especially for large aspect ratios.

As mentioned above, the dynamics of rodlike particles in some kind of non-Newtonian
fluids were investigated, but the study in power-law fluid with shear-dependent viscosity
is rare. Power-law fluid is very common, for example, low solid mud, polymer drilling
fluid, high concentration starch paste, pulp and paint with high solid content. In addition,
most of the flows mentioned above are unbounded flow or parallel flow. However, in
practical applications, many cases are contraction and expansion flow [25,26], i.e., the
flow first passes through a contraction channel and then enters an expansion channel.
So far, the authors have not seen any research report on the contraction and expansion
flow of power-law fluid containing rodlike particles, although this kind of flow has strong
application background. Therefore, in this paper, a set of equations for the contraction and
expansion flow of power-law fluid containing rodlike particles are established and solved
by numerical simulation, aiming to illustrate the influence of Reynolds number, power-
index and particle aspect ratio on the spatial and orientation distributions of particles.

2. Model and Equation

2.1. Particle and Flow Model

Figure 1 shows a rigid rodlike particle without Brown motion. The particle size is
much smaller than the geometric size of the flow (the ratio of particle length to cylinder
radius is l/R = 0.13). Let the particles be a dilute phase, ignoring the interaction between
particles, and the effect of particles on the fluid. The effect of fluid on particles is reflected
in the Stokes force caused by the velocity difference between the fluid and particles.
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Figure 1. Schematic of a particle.

Figure 2 shows the flow and grid division. The power-law fluid containing rodlike
particles enters from the left and flows out from the right. The upper and lower sides are
solid walls, and there is a cylinder in the middle between the two walls.

Figure 2. Schematic of a flow and grid division.

2.2. Equation for Particle Motion

When particles move in the flow, they are affected by Stokes force, Basset force,
additional mass force and oscillation, but the Stokes force F dominates in the case of present
study by comparing the effects of these factors [7], and can be expressed as:

F = μaD · U, (1)

where μ is the fluid viscosity, a is the particle radius, U is the difference between the fluid
and particles, D is the resistance coefficient and can be expressed as:

D =

[
D// 0

0 D⊥

]
, (2)

where D// and D⊥ are the resistance coefficients parallel to and perpendicular to the
principal axis of particles, respectively, Loewenberg [27] presented the fitting curves of two
resistance coefficients varying with the particle aspect ratio by experimental data:

D// = 2.78715 + 27.2277
β − 8.26673

β2

D⊥ = 4.78194 + 28.0349
β − 10.0182

β2

}
β ∈ (1, 100), (3)

where β is the particle aspect ratio. Dividing both sides of Equation (1) by the mass of
particles mp = ρpπla2, we have:

..
r =

C1

St
A−1DA

(
U f − .

r
)

. (4)

where
..
r is the particle acceleration,

.
r is the particle velocity, Uf is the fluid velocity at

particle center, C1 = U/πβL with L and U being the characteristic length and velocity of
the flow, respectively, A is transition matrix for changing particle from body coordinate to
rectangular coordinate:

A =

[
cos θ sin θ
− sin θ cos θ

]
, (5)
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where θ is the angle between particle principal axis and horizontal direction. St in Equation (4)
is Stokes number:

St = ρpa2U/μL, (6)

where ρp is the particle density.
The moment acting on particles can be obtained from the slender body theory [28]:

M =
8
3

πμσL3(C −
.
θ)[1 − σ(ln 2 − 1.8333)], (7)

where σ = ln−1(2β), C = − sin θ cos θ
(

∂up
∂x − ∂vp

∂y

)
+ cos2 θ

∂vp
∂x − sin2 θ

∂up
∂y with up and vp

being the velocity component of particle along the x and y direction, respectively. Dividing
both sides of Equation (7) by the rotational inertia of particles Jp = mp(a2 + l2/6)/2, we have:

..
θ = 4

(
C −

.
θ
)

σ[1 − σ(ln 2 − 1.8333)]/(St · fst), (8)

where
.
θ and

..
θ are the angular velocity and angular acceleration of particles, respectively,

fst is a parameter with time dimension:

fst =
3L
4U

(
1
β2 +

1
6
). (9)

When particle aspect ratio β is larger than 10, Equation (9) can be approximated as
fst = L/8U and the rotational inertia of particles is Jp = mpl2/12.

2.3. Equations for Fluid

Equation (4) contains the fluid velocity Uf, so the fluid velocity should be first given
by solving equations for fluid before solving the equations for particles.

The continuity and momentum equations of the fluid are:

∇ · U f = 0, (10)

ρ
DU f

Dt
= −∇p +∇ · τ, (11)

where Uf is the fluid velocity, ρ is the fluid density, p is the pressure, τ is the shear stress
τ = μ

.
γ with μ the dynamic viscosity and

.
γ the rate of shearing tensor:

.
γ =

1
2

[(
∇Uf

)
+

(
∇Uf

)T
]

. (12)

For the power-law fluid, the shear stress can be expressed as:

τ = m
∣∣ .
γ
∣∣n−1 .

γ, (13)

then the effective viscosity is:
μ = m

∣∣ .
γ
∣∣n−1, (14)

where m is the flow consistency coefficient; n is the power-law index; n < 1, n = 1 and n > 1
correspond to shear-thinning, Newtonian and shear-thickening fluids, respectively;

∣∣ .
γ
∣∣ is

the local shear rate:

∣∣ .
γ
∣∣ =

√
2
(

∂u f

∂x

)2

+ 2
(

∂v f

∂y

)2

+

(
∂u f

∂x
+

∂v f

∂y

)2

, (15)

with uf and vf are the velocity component of fluid along the x and y direction, respectively.
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3. Numerical Simulation

The one-way coupling method is used for numerical solution here, i.e., considering
only the effect of fluid on particles and ignoring the effect of particles on fluid. First solving
the velocity of the fluid through Equations (10)–(15), then calculating the force and moment
exerted by the fluid on the particles through Equations (1)–(3) and (7), and finally obtaining
the acceleration, angular acceleration, velocity, angular velocity, trajectory and orientation
of the particles through solving Equations (4) and (8).

3.1. Distribution of Fluid Velocity

A finite volume method is used to solve Equations (10)–(15). The grid division of the
flow is generated using Gambit 2.0 as shown in Figure 2 where quadrilateral grid is selected.
Gambit 2.0 will automatically generate the grid in Figure 2 when the number of grids and
grid shape are determined. The SIMPLE and power-law scheme are used to deal with the
term of velocity–pressure coupling and the convection term. A staggered mesh system and
an alternating direction implicit method are used to solve the discretized equations.

3.2. Boundary Conditions

The no-slip condition is used on the walls. The condition of fully developed flow is
used at the outlet. In Figure 2 it is assumed that the inlet is sufficiently far from the cylinder
in the middle between the two walls, the presence of the cylinder has no effect on the fluid
velocity distribution at the inlet. Therefore, the velocity distribution in a channel flow is
used as the boundary condition at the inlet.

By solving Equations (10)–(15) in a channel flow, the analytical solution of fluid velocity
along the x direction at the inlet can be obtained:

u f =
n

n + 1
(

Δp
2mL

)
1/n

[(2R)
n+1

n − y
n+1

n ], (16)

where n is the power index of the fluid; Δp is the pressure drop; m is the flow consistency
coefficient; L is the channel length and 2R is the half width of channel as shown in Figure 2.
The corresponding mean velocity is:

u f =
n

(3n + 1)
(

Δp
2mL

)

1
n
(2R)

n+1
n . (17)

3.3. Velocity, Angular Velocity and Spatial Position of Particles

30 randomly oriented particles are initially evenly distributed along the y-direction
at the inlet. Every other time step, 30 particles enter the flow, and these particles pass
through the flow and then exit the flow from the outlet. After the particles entering the
flow and exiting the flow have stabilized, the statistics of the particles in the computational
domain are performed to provide the spatial and orientation distribution characteristics
of the particles. Therefore, the number of particles in the computational domain is not
constant, and its value depends on the relevant parameters of the flow (Reynolds number)
and particles (aspect ratio and initial orientation). The acceleration and angular accelera-
tion of particles are calculated with Equations (4) and (8), and then the particle velocity,
angular velocity, position and orientation angle at the next moment are calculated with the
following formula:

.
xi+1 =

.
xi +

..
xidt,

.
yi+1 =

.
yi +

..
yidt,

xi+1 =
xi+(

.
xi−1+

.
xi+1)dt

2 , yi+1 =
yi+(

.
yi−1+

.
yi+1)dt

2 ,

θi+1 =
.
θi +

..
θi+1dt, θi+1 =

θi+
( .

θi−1+
.
θi+1

)
dt

2 .

(18)
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Equation (18) is numerically solved by the fourth-order Runge-Kutta method. The
orientation distribution of particles can be obtained by statistically averaging the orientation
angle of particles.

4. Results and Discussion

4.1. Fluid Velocity Vector and Streamline of Flow

Figures 3 and 4 show the fluid velocity vector and streamline distribution of the flow
for Re = 2, 200 and n = 0.7. The Reynolds number is defined as Re = 4Ru f /ν (4R is the
channel width as shown in Figure 2, u f is the mean velocity, and ν is the viscosity). We can
see that when Re is small (Re = 2) as shown in Figure 3, the distributions of velocity vector
and streamline are almost symmetrical about the center of the cylinder, which is consistent
with the flow characteristics of small Re. When Re is large (Re = 200) as shown in Figure 4,
the distributions of velocity vector and streamline in front of the cylinder are similar to
those in Figure 3, but the difference is that there is obvious wake in the flow behind the
cylinder because there is zero values in the velocity vector distribution in Figure 4a and
vortex in the streamline distribution in Figure 4b.

(a)

(b)

Figure 3. Fluid velocity vector and streamline of flow (Re = 2, n = 0.7). (a) velocity vector.
(b) streamline.

In the unbounded flow around a cylinder of Newtonian fluid, there will be a Karman
vortex street behind the cylinder when Re > 40. In Figure 4b, the Karman vortex street does
not appear even if Re = 200. The reasons may be attributed to two aspects. One is that the
existence of the upper and lower walls inhibits the generation of Karman vortex behind the
cylinder because the walls have a large shear force on the fluid, and its direction is opposite
to the shear force generated by the cylinder, which reduces the rotation of the flow behind
the cylinder. Another reason is that the fluid in Figure 4 is shear-thinning fluid, and the
fluid after thinning also reduces the rotation of the flow behind the cylinder.

Figure 5 shows the fluid velocity vector and streamline distribution of the flow for
Re = 200 and n = 1.3. Compared to the shear-thinning situation in Figure 4b, the wake
behind the cylinder becomes smaller. This is attributed to that the increased viscosity
results in the reduction of the local Reynolds number.
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(a)

(b)

Figure 4. Fluid velocity vector and streamline of flow (Re = 200, n = 0.7). (a) velocity vector.
(b) streamline.

(a)

(b)

Figure 5. Fluid velocity vector and streamline of flow (Re = 200, n = 1.3). (a) velocity vector.
(b) streamline.

4.2. Effect of Initial Orientation of Particles on the Distribution of Particles

When the rodlike particles flow through the cylinder between two planes, the flow
goes through the process of contraction and expansion. For a particle initially located at
the inlet, not all particles in the transverse position y can bypass the cylinder, and some
particles will stay in the detention area in front of the cylinder. As shown in Figure 6a, the
transverse position of the inlet where particles can bypass the cylinder is defined as yp (if
transverse position y0 < yp, the particles cannot bypass the cylinder), then yp depends on
the initial orientation θ0 of particles at the inlet.

Figure 6a shows the spatial and orientation distributions of particles with θ0= 0◦, we
can see that yp ≈ 0.3 (2R), i.e., the particles with y0 < 0.3 (2R) cannot bypass the cylinder. The
spatial and orientation distributions of particles with θ0 = 45◦ are shown in Figure 6b where
the particles, after entering the flow, first move towards the center, and the orientation
angle θ decreases. When the particle approaches the cylinder, the values of θ increase,
and the transverse velocity component of the particle becomes positive and gradually
increases. At this time, yp ≈ 0.25(2R), i.e., the particle with y0 < 0.25 (2R) cannot bypass the
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cylinder. Comparing with Figure 6a, more particles with θ0 = 45◦ can bypass the cylinder
than the particles with θ0 = 0◦. Figure 6c shows the case for the particles with θ0 = 90◦, it
can be seen that the particles, after entering the flow, exhibit obvious rotation, and yp ≈ 0.15
(2R) in this case, indicating more particles can bypass the cylinder compared with the
above two situations. Therefore, the initial orientation of particles has a great influence on
whether particles can bypass the cylinder.

(a)

(b)

(c)

Figure 6. Spatial and orientation distributions of particles with different initial orientation (Re = 2,
n = 1.3, β = 8). (a) initial orientation θ0 = 0◦. (b) initial orientation θ0 = 45◦. (c) initial orientation
θ0 = 90◦.

4.3. Effect of Re on the Distribution of Particles

The spatial and orientation distributions of particles for different Re are shown in
Figures 7 and 8 where θ is the included angle between particle principal axis and horizontal
direction, N is the number of particles. In Figures 7a and 8a, the number of particles around
the cylinder, especially at the tail of the cylinder, is small, i.e., the existence of the cylinder
leads to the uneven spatial distribution of particles. The reasons for the phenomenon that
only some particles present in the wake are: on the one hand, when particles flow through
the cylinder, they are squeezed near the wall, and cannot quickly enter the central region
after passing through the cylinder. On the other hand, the rotation of the vortex in the wake
of the cylinder throws the particles to the area near the walls. Comparing the two figures, it
can be seen that Re has no obvious effect on the spatial distribution of particles. Figures 7a
and 8a are the cases for Newtonian fluids (n = 1). However, the same trend is observed for
non-Newtonian fluids (n = 1.3) as shown in Figure 9a (Re = 200) and Section 4.5.
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(a)

(b)

Figure 7. Spatial and orientation distributions of particles at Re = 2 (n = 1, β = 8). (a) spatial distribution.
(b) orientation distribution: (left): contraction flow (x < 0); (right): expansion flow (x > 0).

(a)

(b)

Figure 8. Spatial and orientation distributions of particles at Re = 200 (n = 1, β = 8). (a) spatial
distribution. (b) orientation distribution: (left): contraction flow (x < 0); (right): expansion flow (x > 0).
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(a)

(b)

Figure 9. Spatial and orientation distributions of particles at n = 1.3 (Re = 200, β = 8). (a) spatial
distribution. (b) orientation distribution: (left): contraction flow (x < 0); (right): expansion flow (x > 0).

Figures 7b and 8b show the number of particles with different θ for different Re.
In the contraction flow (x < 0), more particles have a small θ value, indicating that the
orientation of more particles points to the flow direction. However, the contraction flow
changes the velocity gradient and shear rate of the flow, so there are many particles with
different orientations. Moreover, there is little difference in particle spatial distribution
under different Re. In the expansion flow (x > 0), the orientation distribution of particles
is different with that in the contraction flow, and the difference is more obvious at large
Re. The reason is that a wake is formed behind the cylinder when the flow bypasses the
cylinder, resulting in changes in the velocity distribution and velocity gradient of the flow
that affect the particle orientation. In the case of large Re as shown in Figure 8b, most
particles are oriented in the flow direction (small θ), which can be attributed to that the
wake area behind the cylinder is larger at large Re, while there exist large velocity gradient
and strong shear force in wake area. The strong shear makes the torque acting on the
particles larger and the rotation of the particles faster. The result of the torque action makes
the particle orientation point to the flow direction. In addition, the particles near the wall
show obvious orientation along the flow direction under strong shear force in Figure 8b.
From this, we can draw the conclusion that Re has a great influence on the orientation
distribution of rodlike particles in the contraction and expansion flow.

4.4. Effect of n on the Distribution of Particles

Figures 9 and 10 show the spatial and orientation distributions of particles for dif-
ferent power index n. Under the same velocity gradient and fluid shear rate, the force
and torque of fluid with high viscosity acting on particles are also large as shown in
Equations (1) and (7). The higher the shear-thickening degree, the larger the viscosity. In
Figure 9a, particles are dispersed in the whole area in the contraction flow, while in the
expansion flow, more particles are gathered near the two walls, and less particles are in
the center area, which is caused by the rotation of the vortex in the wake of the cylinder,
and the rotation throws the particles to the walls. Comparing Figures 9a and 10a, we can
see that the power index n has an effect on the spatial distribution of particles. It is worth
pointing out that the different streamlines as shown in Figures 4b and 5b do not affect
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the spatial distribution significantly. The reason may be that although there are different
streamlines between the two scenarios, the difference in velocity is not as obvious as the
difference in streamline, and the particle motion is mainly influenced by velocity.

(a)

(b)

Figure 10. Spatial and orientation distributions of particles at n = 0.7 (Re = 200, β = 8). (a) spatial
distribution. (b) orientation distribution: (left): contraction flow (x < 0); (right): expansion flow (x > 0).

As for the orientation distribution of particles, for the case of shear-thickening fluid
in Figure 9b, more particles orient to the flow direction in the contraction flow (x < 0)
because of high viscosity and even large force and torque acting on particles as shown
in Equations (13) and (14), while viscosity and force are related to the velocity gradient
as shown in Equation (15). By comparison, the orientation distribution of particles is
more dispersed in the contraction flow for the shear-thinning fluid as shown in Figure 10b.
However, more particles orient to the flow direction in the expansion flow (x > 0) for the case
of shear-thinning fluid in Figure 10b, while the orientation distribution of particles exhibits
two peaks in −30◦~−10◦ and 10◦~30◦ in the expansion flow for the shear-thickening fluid
as shown in Figure 9b. The reason is that the velocity distributions of shear-thinning fluid
and shear-thickening fluid are different after fluid passing through the cylinder, the velocity
distribution of the shear-thinning fluid produces larger shear rate as well as viscosity
and force as shown in Equations (13)–(15), so that making more particles orient to the
flow direction, but the velocity distribution of the shear-thinning make the orientation
distribution exhibit two peaks. As a consequence, the power index n has a significant effect
on the orientation distribution of particles in the contraction and expansion flow. In shear-
thickening fluid, when the flow changes from contraction to expansion, the orientation
distribution of particles becomes more dispersed; while in shear-thinning fluid, the opposite
is true.

Comparing Figures 9b and 10b, we can see that there are more particles with an orien-
tation of 90◦ in shear-thinning fluids than that in shear-thickening fluids. This is because
the force and torque exerted by the shear-thinning fluid on the particles are relatively small,
and the initial orientation of the particles at the inlet is randomly distributed.

4.5. Effect of Particle Aspect Ratio on the Distribution of Particles

The spatial distribution of particles for β = 4 in Figure 11a is more regular compared
with the spatial distribution of particles for β = 8 in Figure 12a, even there is a symmetric
distribution about x = 0 in the vicinity of the central line. This is because the particles
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with small aspect ratio follow the fluid better, and their distribution can better reflect the
symmetry characteristics of the flow around the cylinder at Re = 2. Therefore, particle
aspect ratio has a significant impact on the spatial distribution of particles in contraction
flow and expansion flow.

(a)

(b)

Figure 11. Spatial and orientation distributions of particles at β = 4 (Re = 2, n = 1.3). (a) spatial
distribution. (b) orientation distribution: (left): contraction flow (x < 0); (right): expansion flow (x > 0).

(a)

(b)

Figure 12. Spatial and orientation distributions of particles at β = 8 (Re = 2, n = 1.3). (a) spatial
distribution. (b) orientation distribution: (left): contraction flow (x < 0); (right): expansion flow (x > 0).
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In Figure 11b, the orientation angles of more particles are at θ = −10~10, i.e., the
orientation points to the flow direction in the contraction flow. The reason is that, in
addition to shearing, there exists a strong extension effect in the contraction flow, which
makes the particles align with the flow direction. However, the extension effect does not
exist in the expansion flow, the orientation angles of more particles are at θ = −10~−30 and
10~30, i.e., the orientation is close to the flow direction. The orientation distributions of
particles with large aspect ratio (β = 8) are shown in Figure 12b. It can be seen that there
are more particles orient to the flow direction in expansion flow than that in contraction
flow. Comparing with Figure 11b, more particles point to the flow direction for β = 8 than
that for β = 4. The reason may be that, as shown in Equations (1)–(3) and (7)–(10), the
forces and moments acting on particles are directly related to the particle aspect ratioβ,
in particular, the angular acceleration of particles is directly proportional to theβ, large
torque and even large angular acceleration make the orientation of particles easier to point
to the flow direction, thus the particles with a large aspect ratio tend to align with the
flow direction more obviously. Moreover, particle aspect ratio has a stronger effect on the
orientation distribution than spatial distribution by comparing Figures 11 and 12.

5. Conclusions

The contraction and expansion flow containing rodlike particles in power-law fluid is
studied numerically. The movement, spatial and orientation distribution of particles are
described by the equations of force and moment exerted on the particles. The fluid velocity
vector and streamline of flow are given at different Reynolds number. The effects of Re,
power index n and particle aspect ratio β on the spatial and orientation distributions of
particles are analyzed. The main conclusions can be summarized as follows.

Distributions of velocity vector and streamline are almost symmetrical about the
center of the cylinder when Re = 2. When Re = 200, the distributions of velocity vector and
streamline in front of the cylinder are similar to those when Re = 2, but the difference is that
there is obvious wake in the flow behind the cylinder. There is no Karman vortex street like
Newtonian fluid in the power-law fluid even if Re = 200.

Te number of particles around the cylinder, especially at the tail of the cylinder is small.
The existence of the cylinder leads to the uneven spatial distribution of particles. For the
shear-thickening fluid, particles are dispersed in the whole area in the contraction flow,
while more particles are gathered near the two walls in the expansion flow. The spatial
distribution of particles with small β is more regular. B has a significant, n has a moderate,
but Re has a small impact on the spatial distribution of particles in the contraction and
expansion flow.

The orientation distributions of particles in the contraction flow and expansion flow
are different, and the difference degree is more obvious at large Re. In the case of large Re,
most particles are oriented in the flow direction. The particles near the wall show obvious
orientation along the flow direction. In shear-thickening fluid, when the flow changes from
contraction to expansion, the orientation distribution of particles becomes more dispersed;
while in shear-thinning fluid, the opposite is true. The orientation of more particles points
to the flow direction in the contraction flow, while is close to the direction of flow in the
expansion flow. More particles orient to the flow direction in expansion flow than that in
contraction flow. The particles with a large β tend to align with the flow direction more
obviously. Re, n and β have great influence on the orientation distribution of particles in
the contraction and expansion flow.

Whether the particles initially located at the inlet can bypass the cylinder depends
on the transverse position and initial orientation of the particles at the inlet. The number
of particles with θ0 = 90◦ bypassing the cylinder is the largest, followed by θ0 = 45◦
and θ0 = 0◦. The conclusions obtained in this paper have reference value for practical
engineering applications.
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Abstract: Anthropogenic activities lead to the issue of new classes of pollutants in the environment
that are not currently monitored in environmental studies. This category of pollutants (known as
emerging contaminants) includes a very wide range of target substances, such as pharmaceuticals,
plant protection products, personal care products, dyes, toxins, microplastics and many other in-
dustrially important intermediaries. Together with an increasing demand for clean water (both for
agricultural necessities and for the increasing population consumption), the need for the removal of
emerging pollutants, simultaneously with the current “green chemistry” approach, opens the door
for the industrial application of natural polymers in the area of environmental protection. Recent
developments in this area are presented in this paper, as well as the application of these particu-
lar natural materials for the removal of other contaminants of interest (such as radioisotopes and
nanoparticles). The current knowledge regarding the processes’ kinetics is briefly presented, as well
as the future development perspectives in this area.

Keywords: natural polymers; emerging pollutants; adsorption; catalytic oxidation; perspectives

1. Introduction

Nowadays, water resources are an asset which must be protected, due to the increasing
imbalance between the availability and consumption of freshwater. Water pollution is a
global problem affecting the lives of millions of people around the world, being a risk factor
for disease and death, but also a source of life. Alongside the growth of the population
and global industrialization, which contribute to high pollution in organic and inorganic
compounds, climate change is another important factor that affects water resources [1].
Persistent and emerging pollutants and their degradation products are released continu-
ously into the environment, representing a serious and global issue that has sometimes
irreversible effects on human health and ecosystems. Emerging pollutants include pharma-
ceuticals for human or veterinary uses, products for daily care, products of industrial and
household origins and pesticides, which are used in larger amounts than several decades
ago, due to the increased demand for food (a consequence of the increased population).

Dealing with the difficulties of providing clean water, regardless of whether we are
dealing with organic or inorganic contaminants, many current studies and technologies
are being developed in order to offer reliable solutions and minimize malignant and
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detrimental water-borne diseases [2,3]. Classical methods, such as adsorption, precipitation,
solvent extraction, co-precipitation, flocculation and coagulation, can be improved by the
use of modern materials with bioactivity, biodegradability, biocompatibility and tunable
physicochemical properties and morphology [4]. Activated carbon, clays, layered double
hydroxide hybrids, metal or metal oxide nanoparticles (NPs) are just a few which can
be nominated as good candidates for environmental applications [5–8]. Among them,
biopolymers have the advantages offered by biodegradability (important from a “green
chemistry” approach, although this aspect represents a subject of debate, fine-tuning of this
property being necessary [9,10]) and biocompatibility, being used with success in potable
and wastewater treatment [11]. The nature of the biopolymers represents one of the key
parameters of an efficient treatment [12]. They are suitable for removing both types of
pollutants (organic and inorganic) even if they are used as such, or in combination with
other materials [13]. In addition, they offer high performance and good selectivity, and the
process is cost-effective and eco-friendly [14].

In this context, the present paper aims to address the recent developments in the appli-
cation of natural polymers for the management of emerging and hazardous contaminants,
as well as the development perspectives in this area.

2. Emerging Pollutants—A New Threat to the Environment with Natural Solutions?

When addressing the issue of emerging pollutants, one would usually think of newly
synthesized chemicals or compounds. However, the term relates more to the difficulties
encountered in their monitoring, due to technological drawbacks or legal oversights,
and less to the nature of these pollutants. As a generally accepted definition, emerging
pollutants (EPs) are considered chemicals (natural or synthetic) not commonly monitored

in the environment, having the potential to cause detrimental effects on ecosystems or
human health [15]. As can be seen, the classification of a particular substance as an emerging
pollutant is more related to the lack of routine monitoring and less to their nature. Although
many of these pollutants are indeed newly synthesized chemicals, there are different types
of EPs naturally occurring and already present in the environment, their potential effects
being only recently evaluated.

According to the NORMAN network [16], EPs can be classified into 21 groups, cov-
ering very different types of substances, from biocides and plant protection chemicals
to drugs, pharmaceutical and personal care products, and from smoke compounds to
surfactants and human metabolites. Their origins are also very different depending on their
nature. Most of these pollutants originate from industrial processes or human activities
(not being addressed by urban or industrial treatment plants), but can also be traced to
diffuse sources, such as atmospheric deposition or crop/animal production [15]. For the
present work, the NORMAN emerging pollutants database was used as a reference [16].

The area of EPs has represented a domain of interest for over a decade now, with a
series of very interesting opinions, review works and books being published on this topic,
which we recommend for future reading [17–23].

One of the interesting approaches regarding the removal of emerging pollutants is
represented by the use of natural polymers. In a world where the continuous diminishing
of resources and environmental pollution have become critical issues, the use of easily
recyclable or available materials becomes vital.

To have clear insight into polymers, their constituents and properties, polymers
have been classified according to several points of view [24]. One of these criteria is
represented by their origins [25]. According to this classification, natural polymers (formed by
proteins, nucleic acids, polysaccharides or polyhydrocarbons), artificial polymers (obtained
by modifying natural ones; for example, viscose and cellophane) and synthetic polymers can
be found, obtained by chemical reactions starting from monomers.

The main EU law to protect human health and the environment from the risks that can
be posed by chemicals is the “Registration, evaluation, authorization and restriction of

chemicals” (REACH) [26]. In accordance with REACH (Article 3(5)), a polymer is defined
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as a substance meeting the following criteria: more than 50% of the weight of that substance
consists of polymer molecules, and the amount of polymer molecules presenting the same
molecular weight must be less than 50% of the weight of the substance. According to ECHA,
natural polymers are polymers that are the result of a polymerization process that has taken
place in nature, independently of the extraction process. It results that natural polymers are
not necessarily “substances which occur in nature”. Considering these differences, some
authors are introducing in their research the term of “naturally occurring polymers” [27].

In [25], Doppalapudi, considering the origin of natural polymers, systematizes them
into three main classes: natural polymers of plant origin, of animal origin and of microbial
origin, with polysaccharides being present in each class mentioned.

Polysaccharides of plant origin are cellulose, hemicellulose, cyclodextrins, starch,
inulin, pectin, glucomannan, guar gum, arabinogalactan and carrageenan. Animal-origin
polysaccharides include chitosan, hyaluronan and chondroitin sulfate. Microbial-origin
polysaccharides comprise alginate and dextran.

Proteins are mainly of animal origin, such as collagen, gelatin, albumin, fibrin and
silk fibroin; there are also proteins of vegetable origin, such as soy. Of plant origin are
shellac resin and some esters; other esters (polyhydroxyalkanoate) have a microbial genesis,
together with polyamides (polyglutamate) and polyanhydrides (polyphosphate).

The naturally occurring polymers have also been classified into six main cate-
gories [27,28]: polysaccharides (starch, cellulose, chitin, pectin, alginic acid, natural gums,
etc.), one of the most studied groups of natural polymers [29–31]; proteins or naturally
occurring polyamides found in animal and vegetable sources; polyisoprenes or natural
rubbers and similar materials isolated from saps of plants; polynucleotides, which comprise
DNA and RNA found in all living organisms; lignin or polymeric materials of coniferyl
alcohol and related substances; naturally occurring miscellaneous polymers, such as shellac,
a resin secreted by the lac insect.

Polysaccharides are of various types depending on their structure or function [32,33].
In terms of function, there are three main types: storage polysaccharides such as starch
and glycogen, structural polysaccharides such as cellulose and chitin, and gel-forming
polysaccharides such as alginic acid and mucopolysaccharides [32].

The following sections present the possible applications of natural polymers for the
removal of emerging pollutants, the information being grouped considering the targeted
pollutant. In addition, we chose to include in the current review examples of the use of
chitosan. Although not technically a natural polymer (according to the definitions provided
above), chitosan, due to its easy production (simple deacetylation of natural chitin), non-
toxic characteristics, as well as its wide application in different important areas, chitosan is
often included in the class of “natural polymers” [34–36].

3. Methodology

For the selection of the studies to be included in the present review, we followed the
recommendations of Preferred Reporting Items for Systematic Reviews and Meta-Analyses
2020 (PRISMA) [37]. The research strategy was formulated according to the PICO (Problem,
Intervention, Comparison, Outcome) approach (Table 1).

Table 1. Definition of PICO strategy applied in the present work.

P (Problem) Presence of emerging pollutants in water streams

I (Intervention) Application of innovative, natural polymeric materials for
emerging pollutants’ removal

C (Comparison) Materials with known properties in environment protection or
singular components, in the case of composite materials

O (Outcome) Improvement of pollutant uptake and the use of natural polymers
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The research was conducted based on the PICO question: “Can natural polymers
be successfully used in the management of emerging pollutants?” As such, the following
inclusion/exclusion criteria were defined.

Inclusion criteria:

- Research articles published from 2012 to the present, full text;
- Articles published or available in English;
- Removal of emerging pollutants—for the automatic screening, only the term “pollu-

tant” was used;
- Evaluation of natural polymers’ application in the management of emerging pollutants

(as defined in Section 2)—manual screening;
- Relevance to the review topic (new information provided).

Exclusion criteria:

- Articles published before 2012;
- Book chapters or book;
- Review or systematic review articles;
- Conference papers, notes, letters, short surveys, errata or conference reviews;
- Articles published in languages other than English;
- Articles presenting the removal of pollutants monitored in routine studies (such as

commonly encountered heavy metals).

The literature search was conducted using the database SCOPUS (as an exhaustive
literature database), using “natural polymer” as the primary search term. A further se-
lection of the articles was performed automatically, using the inclusion/exclusion criteria
defined above, and inclusion in the present review was decided after a full reading of the
manuscript.

4. Results

After applying the entire set of exclusion/inclusion criteria, followed by title, abstract
and full-text reading, a total of 52 articles (and one correction article) were selected for
inclusion in the present review (Figure 1), covering the removal of emerging pollutants
using natural polymers. To the selected articles, other works were added for providing the
necessary context. These articles were retrieved by a “search and find”/manual selection
approach using the SCOPUS database (by searching using specific keywords), or were
suggested by the reviewers during the peer review process. For the purpose of the current
review, studies presenting the removal of heavy metals (already routinely monitored) and
water remediation studies (i.e., turbidity remediation, sterilization, oil adsorption, etc.)
were not considered for inclusion.
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Figure 1. Article selection process flowchart.

The works selected for screening present the application of natural (and one natural-
based) polymers for the management of emerging pollutants and some other emerging
substances (potentially hazardous). Figure 2 presents the natural polymers reviewed and
the major pollutant categories considered for the literature study.
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Figure 2. Natural and natural-based polymers and main contaminants discussed in the present
review work.

5. Natural Polymers for the Management of Emerging Pollutants

5.1. Management of Pharmaceuticals Using Natural Polymers

One of the most diverse groups of EPs is represented by pharmaceutical substances.
Most often originating from patient excretion, the presence of pharmaceutical substances as
an environmental pollutant can also be related to emissions during production processes,
as well as from the incorrect disposal of unneeded substances [38]. As the pharmaceuti-
cal industry represents an ever-growing industry, it can be expected that pharmaceutical
pollution will follow a similar trend. At the same time, the pandemic conditions in the
past few years led to a spike in the use of over-the-counter and prescription drugs, caus-
ing an increase in their presence in the environment, as well as the appearance of some
new substances [39]. The pharmaceuticals present in the environment can cause a wide
range of health issues; i.e., some of them act as endocrine disruptors (some being used
as intentional endocrine disruptors), while others can contribute to the development of
antimicrobial resistance [40]. Due to the varied nature of pharmaceutical compounds, there
is a correspondingly high number of studies regarding their management. Among them,
the literature survey identified several using natural polymers, presented in Table 2.
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Table 2. Management of pharmaceutical EPs using natural polymers (in chronological order).

Natural
Polymer

Targeted Application Application Form
Obtained
Results

Process Parameters Ref.

Guar gum

Ciprofloxacin
(fluoroquinolone

antibiotic) adsorption,
15 mg/L

Zerovalent iron-guar
gum nanocomposite,

spherical, particle size of
∼60–70 nm (0.5 g/L)

94% removal
after 60 min

Superior adsorption at pH 4, compared with
pH 2.6 (41%), superior to zerovalent ion by

itself (69%); removal efficiency over 85% after
2 recycling cycles

[41]

Lignin

Adsorption of
doxycycline

hydrochloride
(tetracycline antibiotic),

30 mg/L

Lignin xanthate
resin–bentonite clay
composite, porous

structure

Adsorption
capacity

438.75 mg/g

Superior to bentonite (119.93 mg/g);
isotherm—Langmuir model (monolayer and

uniform adsorption);
kinetics—pseudo-second-order model

(multilayer adsorption on heterogeneous
surfaces, adsorption through electrostatic
interaction, hydrogen bonding and π–π

interactions—chemisorption)

[42]

Cellulose p-arsanilic acid
(veterinary use)

Ionic liquid-modified
cellulose

Adsorption
capacity

216.9 mg/g

Comparable results with other works, fast
adsorption rate 3.21 × 10−3 g/(mg × min),

process conformed to Freundlich (multi-layer
adsorption on heterogenous surfaces) and

pseudo-second-order kinetics model; 77% of
initial capacity after six recycling cycles

[43]

Sodium
alginate

Cephalexin
(beta-lactam antibiotic),

30 mg/L

Saccharomyces
cerevisiae/calcium

alginate composite beads,
3.32 mm diameter

Adsorption
capacity

94.34 mg/g

Superior to literature biosorbents;
isotherm—Langmuir model;

kinetics—pseudo-second-order model
[44]

Inulin

Adsorption and
heterogenous catalysis

of ofloxacin
(fluoroquinolone-type

antibiotic), 25 mM

Immobilization of laccase
onto dialdehyde inulin
-coated silica-capped

magnetite nanoparticles,
90% of the particles with

diameters 1–10 nm

63% removal
capacity

Superior results to laccase alone. Ofloxacin
removal—through adsorption and

biodegradation mechanisms;
kinetics—pseudo-second-order model; 50% of

initial activity after 6 reuse cycles

[45]

Chitosan,
sodium
alginate

Adsorption and
catalytic oxidation of
naproxen, diclofenac

(nonsteroidal
anti-inflammatory
drugs—NSAID),

25 mg/L, individually
or simultaneously

Magnetite or Fe/Cu
nanoparticles, on alginate

or chitosan beads

84/92% removal
of naproxen/

diclofenac, using
Fe/Cu on
alginate or
chitosan,

respectively, after
9 min

Good removal capacity in short reaction time
(9 min); kinetics—pseudo-first-order model

(reaction more inclined towards
physisorption); slight decrease in removal

efficiencies after three recycling cycles

[46]

Sodium
alginate

Biosorption of
ethacridine lactate
(aromatic organic

compound, antiseptic,
trade name Rivanol),

50 mg/L

Encapsulation of
Saccharomyces pastorianus

residual biomass in
calcium alginate,

irregular and elongated
shape, 1.89 mm diameter

Maximum
capacity

21.39 mg/g,
batch study

Kinetics—pseudo-second-order and
intraparticle diffusion (adsorption controlled

by one of the following: film
diffusion/adsorbate diffusion into the pores/

surface adsorption); equilibrium
isotherms—Freundlich and

Dubinin–Radushkevich (adsorption is related
to pores volume filling).

[47]

Sodium
alginate

Biosorption of
ethacridine lactate
(aromatic organic

compound, antiseptic,
trade name Rivanol),

20/40 mg/L

Encapsulation of
Saccharomyces pastorianus

residual biomass in
calcium alginate;

spherical, whitish beads,
3.218 mm diameter

Biosorption
capacity

138.584 mg/g,
fixed-bed column

study

Biosorption capacity variable with bed height,
pollutant concentration and flow rate.

Experimental data best fit the Yoon–Nelson
(premise—decreasing adsorption rate directly

proportional to adsorbate adsorption),
Clark (premise—adsorption is mass-transfer
concept combined with Freundlich isotherm,
piston type behavior of flow in column), and,

to a lesser extent, Yan model
(dose–response model)

[48]

The examples above provide a good glimpse of the potential applications of natural
polymers for the removal of pharmaceuticals. From the examples presented, a natural
trend to use easily available resources for the removal of hazardous pollutants can be
observed. For instance, two of the most common and often used natural polymers (in
different applications), chitosan and sodium alginate, were evaluated by Sahin et al. [46]
for the development of composite beads with magnetic nanoparticles (also synthesized by
green routes—phytosynthesis using Lathyrus brachypterus extract). The resulting compos-
ites, providing a mixture of beneficial properties of magnetic nanoparticles (high catalyst
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loading capacities, dispersion properties, stability, recyclability, surface area and separa-
bility) and natural polymers’ up-take capacity, showed high efficiency for the removal of
two nonsteroidal anti-inflammatory drugs (naproxen and diclofenac), both in individual
and simultaneous experiments. The best results were obtained by the authors using the
bimetallic nanoparticles deposited on chitosan (for diclofenac removal) and alginate (for
naproxen removal). The results obtained were comparable with literature data but obtained
using much shorter reaction times (9 min compared with over 60 min in other studies).
Additionally, the conclusion of the authors was that the process was more inclined towards
physisorption (kinetics respecting the pseudo-first-order model). A physical adsorption
(explained by Van der Waals forces) was described by the authors as the primary adsorp-
tion mechanism. Rusu et al. evaluated the removal of acrinol (also known by the trade
name Rivanol) using composites obtained from residual microbial biomass (Saccharomyces
pastorianus) and a natural polymer (sodium alginate, modified by the addition of calcium
chloride), both in batch [47] and in fixed-bed column studies [48]. The authors proved that
the developed composites can be successfully applied for theoretical studies (using batch
experiments) and can also be practically applied in scaled-up installations, as the fixed-bed
column experiments would suggest.

Some of the cited authors also provide some insights into the mechanisms involved
in the contaminants’ management, as well as in the interaction between natural polymers
and contaminants. For example, Balachandramohan and Sivasankar [41] attribute the
efficiency of ciprofloxacin adsorption to the electrostatic interaction between the negative
surface of the natural polymer composite and the positively charged compound, while
the adsorption of doxycycline hydrochloride on a lignin xanthate resin–bentonite clay
composite was attributed by Kong et al. [42] to the interactions between the benzene ring in
the contaminant and lignin moieties, as well as to hydrogen bonds appearing between the
two compounds, suggesting the apparition of a macromolecular complex, as also observed
by Peng et al. [43] for the adsorption of p-arsanilic acid on ionic liquid-modified cellulose,
and by Rusu et al. [44] for the adsorption of cephalexin on Saccharomyces cerevisiae calcium
alginate beads.

Generally, pharmaceutical removal using natural polymer processes is governed by the
pseudo-second-order model (the process being more inclined towards physisorption), while
the best-fitting models for the equilibrium isotherms were the Freundlich and Langmuir
models, supporting the authors’ claims towards multi-layer adsorption on heterogenous
surfaces and monolayer adsorption, respectively. Another relevant aspect that arises from
literature data is that natural polymers are not commonly used as single adsorbents, but
are more likely to be used in composites, with either other organic or inorganic compounds
(which could act either as adsorbents or catalysts), as is the case for all the examples
presented in Table 2.

5.2. Management of Plant Protection Product Pollutants Using Natural Polymers

With the increase in the global human population and the rising food demand, the
use of pesticides and fungicides has seen an unprecedented spread. Although very useful
in providing food in the quantities and at the quality required, pesticides and fungicides
can have different adverse effects on water quality, and, consequently, on ecosystems and
human health [49]. Although the effects of pesticides and fungicides are under continu-
ous scrutiny, their use is majorly based on industry-performed studies, as other authors
noticed [50]. Furthermore, their long-term effects on ecosystems and human health still
represent a subject of debate. As such, there is a continuous need to develop appropriate
technologies and materials for the removal of pesticides and fungicides from the environ-
ment. Some of the pesticides and fungicides cannot be defined as “emerging pollutants”,
strictly speaking, as there are national and/or international regulations requiring their
monitoring. However, some examples are presented that can represent the basis for the
development of new technologies for other compounds that are not currently regulated
(i.e., phosphate).
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Recently, the use of so-called “biostimulants” raised the interest of both the scientific
community and farmers, leading to an increase in their practical use. Biostimulants can be
defined as “a product stimulating plant nutrition processes independently of the product’s
nutrient content with the sole aim of improving one or more of the following characteristics
of the plant or the plant rhizosphere: nutrient use efficiency; tolerance to abiotic stress;
quality traits; availability of confined nutrients in soil or rhizosphere” [51,52]. Obviously,
such a comprehensive definition leads to a very wide range of substances and compounds,
their classification in this group being based on their final effect on plants and not their
nature and/or composition. The class is currently under scrutiny for regulation at the
European level, with an EU regulation recently being adopted covering this aspect [52].

Table 3 summarizes some examples of natural polymers applied for the removal of
pesticides, fungicides and biostimulants from the environment.

Table 3. Management of plant protection products using natural polymers (in chronological order).

Natural
Polymer

Pollutant
Pollutant

Class
Application Form

Obtained
Results

Process Parameters Ref.

Cellulose Humic acid,
1 g/L Biostimulant

Cellulose nanofibers
obtained by addition of
epoxypropyl trimethyl
ammonium chloride at

65 ◦C, 8 h

Adsorption rate
184 × 10−3

min−1

Composite (1 mL, 0.2–0.4 wt%)
added to different amounts of
humic acid solution, shaken
for 2 days; best results at pH
4.5; at pH = 6.2, adsorption

rate = 49 × 10−3 min−1;
isotherms—Langmuir model

[53]

Chitosan Humic acid Biostimulant
Polyacrylamide/chitosan
semi-interpenetrating

network hydrogels

Maximum
adsorption

166.30 mg/g

0.025 g of composite dispersed
in 50 mL of 60 mg/mL

pollutant; pH = 3 to 11; results
superior to other organic and

inorganic adsorbents in
literature; isotherm—Sips

model (multilayer adsorption
on heterogeneous surfaces at

low concentrations and
monolayer adsorption at

higher pollutant
concentrations)

[54]

Chitosan Phosphate Fungicide
Iron oxide

nanoparticle-loaded
chitosan composites

Removal
capacity of

0.059 mgP/g

Pilot plant: adsorption tower
(height = 100 cm, inner

diameter = 45 cm, flow rate =
7.05 ± 0.18 L/min), composite

volume = 80 L, composite
weight = 85.74 kg; constant
adsorption capacity after six

recycling cycles

[55]

Sodium
alginate Phosphate Fungicide Iron crosslinked

alginate beads

Maximum
adsorption

capacity
79 mg/g

Experiments conducted with
synthetic water; kinetics—

pseudo-second-order model,
isotherm—Freundlich model;

experiments with real
eutrophic lake

water—81–100% removal in
24 h (11–69 μg/L initial

concentration).

[56]
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Table 3. Cont.

Natural
Polymer

Pollutant
Pollutant

Class
Application Form

Obtained
Results

Process Parameters Ref.

β-
Cyclodextrin

β-
Cyclodextrin

β-
Cyclodextrin

Humic acid,
10 mg/L

Fluvic acid,
30 mg/L

2,4,6-
trichlorophenol,
0.1 mmol/L

Biostimulant

Biostimu-
lant

Fungicide,
herbicide,
insecticide

β-cyclodextrin
polymer synthesized in

the aqueous phase
using tetrafluorotereph-
thalonitrile as a rigid

crosslinker,
epichlorohydrin as a

flexible crosslinker and
2,3-

epoxypropyltrimethy-
lammonium chloride
as a quaternization

reagent

Maximum
adsorption
40 mg/g

Maximum
adsorption
166 mg/g

Maximum
adsorption
108 mg/g

Solid/liquid ratio = 1 mg/mL;
adsorption superior to
commercial materials;

kinetics—pseudo-second-
order model and Elovich

model (solute adsorption rate
decreases with the increase of

adsorbed solute);
isotherm—Freundlich model;

no significant adsorption
decrease after five recycling

cycles

[57]

Chitosan,
gelatin

Atrazine
(20 mg/L),

fenitrothion
(20 mg/L)

Pesticides

Polymeric composite
prepared by inotropic

gelation at room
temperature

Adsorption
capacity

75.19 mg/g
(atrazine),

36.23 mg/g
(fenitrothion)

Composite (0.3 g/L) added to
50 mL pollutant solution;
adsorption time 180 min.

Isotherm—Langmuir model

[58]

Cellulose Chlorpyrifos,
100 μg/L Insecticide

Polymeric films
developed by

incorporating dibutyl
sebacate,

bis(2-ethylhexyl)
sebacate,

bis(2-ethylhexyl)
phthalate,

bis(1-butylpentyl)
adipate, 2-nitrophenyl

octyl ether or
2-fluorophenyl

2-nitrophenyl ether in
cellulose triacetate, by

solvent casting

Extraction
efficiency from
synthetic water

71–87%
(after 8 h)

Best results obtained for
composite with

bis(2-ethylhexyl) sebacate;
water samples maintained in
contact with the film having

area of 2.89 cm2, under orbital
agitation

[59]

β-
cyclodextrin Humic acid Biostimulant

Friedel–Crafts
alkylation reaction
between modified
β-cyclodextrin and

4,4′ -bis(chloromethyl)-
1,1′—biphenyl in a
homogeneous ionic

liquid system

Maximum
adsorption
142 mg/g

0.015 g of composite dispersed
in 15 mL of 20 mg/L pollutant;

results superior to activated
carbon; isotherm—Freundlich

model; over 90% efficiency
after six recycling cycles

[60]

One interesting approach on this topic is presented by Attallah et al. [58]. Using natural
and natural-based polymers (gelatin and chitosan), the authors developed a polymer
composite with a removal efficiency of 87.13% to 94.48% for atrazine and 82.65% to 96.45%
for fenitrothion after 120 min, superior to organic and inorganic adsorbents, as presented
by literature data. The authors also proposed adsorption mechanisms, in which atrazine is
removed by adsorption onto the composite pores and to the hydrophilic sites of oxygen-
containing groups by hydrogen bonding, while fenitrothion is adsorbed on the surface
of the composite and to the hydrophobic sites’ interactions through π–π stacking. The
mechanisms would allow the use of the developed composites in real conditions (in the
presence of multiple target pollutants).
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Humic acid’s adsorption was attributed to the electrostatic interactions between
the contaminant and the natural polymer part of the composites [53,54] and by ion ex-
change [57], a mechanism also involved in the adsorption of fluvic acid. Ion exchange was
also described as the main mechanism in the adsorption of phosphate ions [55,56].

5.3. Management of Industrial Dyes and Dye Models Using Natural Polymers

The development of the textile industry has led to the extensive use of synthetic
dyes, which could reach water sources as industrial effluents. Generally speaking, dyes
are non-biodegradable organic compounds that have coloring properties towards a given
substrate (due to the presence of chromophoric groups in their structure) [61]. As in many
developing countries, the effluents (often insufficiently treated) are present in agricultural
irrigation water [61], the dyes often reach water sources [62,63], having toxic, mutagenic
and carcinogenic effects, while also impairing the photosynthesis process by preventing
light penetration through water. The dyes have the tendency to bioaccumulate in superior
organisms by crossing the food chain [61]. Of specific interest are azo-dyes, which have a
relatively low binding yield during the industrial process (with up to 50% being released
as wastewater). Other types of dyes can emerge from different industrial applications,
including histological applications, biotechnology or the food and beverage industry). In
practice, studies often use model dyes, i.e., methylene blue, a cationic and primary thiazine
dye. Although it has high toxicity and a wide range of applications [64], methylene blue
(MB) is easily photocatalyzed. As such, in the present work, MB is presented as a model for
the removal of similar dyes, and not as a pollutant.

Considering their extensive use and potentially harmful effects, the removal of dyes
from water streams represents a current subject of interest. An overview of the current
applications of natural polymers for the removal of dyes and dye models is presented in
Table 4.

Table 4. Management of industrial dyes and dye models using natural polymers (in chronological
order).

Natural
Polymer

Targeted
Application

Application Form Obtained Results Process Parameters Ref.

Cellulose

Adsorption of
crystal violet (dye

with practical
applications),

11.1 mg/L

Freeze-dried foams
consisting of cellulose

nanofibers (obtained by
addition of epoxypropyl

trimethyl ammonium
chloride at 65 ◦C, 8 h) with

adsorbed humic acid

55% adsorption
Porous foam with density of

25 kg/m3, porosity 98% (20 mg)
added to 45 mL of dye solution

[53]

Chitosan
Reduction of

methylene blue
(model dye), 10 ppm

Silver nitrate mixed with
chitosan/polyethylene
glycol solution, various
concentrations of TiO2

added at 80 ◦C

63.48%
degradation

Direct sunlight photocatalysis;
Langmuir–Hinshelwood

mechanism
[65]

Xylan

Adsorption of
methylene blue

(model dye),
400 mg/L

Xylan/poly(acrylic acid)
magnetite nanoparticles
nanocomposite hydrogel

Maximum
adsorption
capacity—

438.60 mg/g

Removal rate >90% for 3 g/L
adsorbent; isotherm—Langmuir

model;
kinetics—pseudo-second-order

model

[66]

Cellulose
and

chitosan

Adsorption of
Congo red

(histological staining
agent), 30 mg/L

Cellulose/chitosan
hydrogel prepared by

extruding and
regenerating

from ionic liquid 1-ethyl-3-
methylimidazolium

acetate in ethanol

Maximum
adsorption

capacity—40 mg/g

For adsorbent dosage of 2.0 g/L,
equilibrium was reached within
115 min, removal rate was 89.6%;

isotherms—Langmuir model;
kinetics—pseudo-second-order

model

[67]

85



Polymers 2023, 15, 2063

Table 4. Cont.

Natural
Polymer

Targeted
Application

Application Form Obtained Results Process Parameters Ref.

Silk

Filtration of dyes
with industrial and

biotechnology
applications

Membranes prepared by
vacuum filtration of

exfoliated degummed
Bombyx mori silk fibers

>90% rejection

Vacuum filtration device, best
results obtained for Alcian Blue
8GX (100%, initial concentration
185 μM), Brilliant Blue G (100%,

initial concentration 398 μM),
Rhodamine B (91%, initial

concentration 5 mM)

[68]

Chitosan
Photodegradation of
Ponceau BS (staining

agent)

Polyaniline-grafted
chitosan prepared by

chemical using
ammonium per sulfate;

Ag nanoparticles
incorporated into the

polymer matrix

Complete
degradation after

40 min

Photodegradation under visible
light; kinetic—pseudo-first-order

model
[69]

Chitosan,
lignin

Removal of acid
black-172 (dye with

industrial
applications),

100 mg/L

Ternary graft copolymer
(chitosan–acrylamide–

lignin), synthesized using
microwave irradiation and

chemical-free radical
initiator technique

Removal
efficiency—97.1%

Dosage 200 mg/L; possible
mechanisms—charge

neutralization,
bridging and sweeping effects

[70]

Guar
gum

Catalytic oxidation
of methyl orange

(100 ppm)

Zerovalent iron–guar gum
nanocomposite, spherical,
particle size of ∼60–70 nm

(0.5 g/L)

99% after 60 min,
pH 7

Superior oxidation to zerovalent
ion by itself (39%) [41]

β-
cyclodextrin

Adsorption of
methylene blue

(model dye),
100 mg/L

Citric acid-crosslinked
β-cyclodextrin

Maximum
adsorption

capacity—0.9229
mmol/g

0.4 g in 200 mL pollutant,
pH = 1–10;

kinetics—pseudo-second-order
model; isotherm—Sips model; no
decrease in performance after five

recycling cycles

[71]

Lignin

Adsorption of
methylene blue

(model dye),
1 mg/mL

Hydrogels obtained by
crosslinking poly(methyl

vinyl ether co-maleic acid)
and lignin in ammonium
and sodium hydroxide

solutions

Adsorption
capacity—
629 mg/g

Dry hydrogels (20–30 mg) placed
in 20 mL pollutant solution,

stirred for 48 h at room
temperature; maximum removal
efficiency—96%, superior results

to control hydrogels (without
lignin)

[72]

Pectin

Adsorption of
methylene blue

(model dye),
100–1000 mg/L

Pectin microgel particles
Adsorption
capacity—

284.09 mg/g

Different uptake times
(2–310 min), pH 1–7;

isotherm—Langmuir model;
kinetics—pseudo-second-order

model; recovery efficiency higher
than 80% after three cycles

[73]

Chitosan

Adsorption of CI
Basic Red 14 (dye

with industrial
applications),

100 ppm

Polymeric beads
containing chitosan,

Arundo donax L. cells,
gelatin and

poly(vinyl)pyrrolidone

Maximum
adsorption
capacity—

41.322 mg/g

Removal efficiency of 92.2% (at
2 g. adsorbent);

isotherms—Langmuir model;
kinetics—pseudo-first-order

model

[74]

(Konjac)
gluco-

mannan

Adsorption of
malachite green

(common dye with
industrial

applications)

Konjac
glucomannan/graphene
oxide sponges prepared
by ice template method

Maximum
adsorption
capacity—

189.96 mg/g

Isotherms—Langmuir model;
kinetics—pseudo-first-order
model; adsorption capacity

relatively high after five recycling
cycles

[75]
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Table 4. Cont.

Natural
Polymer

Targeted
Application

Application Form Obtained Results Process Parameters Ref.

Sodium
alginate

Adsorption and
photocatalytic
degradation of

crystal violet (dye
with practical
applications)

Grafted sodium
alginate/ZnO/graphene

oxide composite

Maximum
adsorption
capacity—

13.85 mg/g

Maximum capacity at pH = 5;
isotherm—Freundlich model;

kinetics—pseudo-second-order
model; photocatalytic

degradation enhanced the
removal efficiency by 10%

[76]

Tragacanth
gum

Adsorption of
methylene blue

(model dye)

Hydrogel nanocomposite
composed of tragacanth

gum and modified CaCO3
nanoparticles

Maximum
adsorption
capacity—
476 mg/g

Isotherm—Langmuir model;
kinetics—pseudo-first-order
model; film diffusion—main

mechanism of adsorption

[77]

Chitosan
Adsorption of Acid
Blue-113 (industrial

dye)

Chitosan-coated
polyacrylonitrile
nanofibrous mat

Maximum
adsorption
capacity—
1708 mg/g

Superior results compared with
control (without chitosan);

superior capacity than
commercial activated carbon;
isotherm—Langmuir model;

kinetics—pseudo-second-order
model; film diffusion—main

mechanism of adsorption; slight
decrease in adsorption after four

cycles

[78]

Silk

Adsorption of
crystal violet (dye

with practical
applications)

3D porous network in a
freeze-dried silk fibroin/

soursop seed polymer
composite

Maximum
adsorption
capacity—

83.31 mg/g

Isotherms—Freundlich model;
kinetics—pseudo-first-order

model.
[79]

Sodium
alginate,

Adsorption of crystal
violet (cationic dye

with practical
applications),

200 mg/L

Hydrogel beads from rice
bran combined with

sodium alginate

Maximum
adsorption
capacity—

454.55 mg/g

Isotherms—Freundlich model;
kinetics—pseudo-second-order
model; no adsorption decrease
after five regeneration cycles

[80]

Chitosan

Adsorption of
reactive blue 4

(anionic dye with
practical

applications),
200 mg/L

Hydrogel beads from rice
bran combined with

chitosan

Maximum
adsorption
capacity—

212.77 mg/g

Isotherms—Langmuir model;
kinetics—pseudo-first-order

model; satisfactory adsorption
(20% decrease) after five recycling

cycles

Sodium
alginate

Degradation of
methylene blue

(model dye)
Ca-alginate/CuO beads 92% degradation

in 8 min

100 mg composite added to 5 mL
methylene blue solution in the

presence of 1 mL NaBH4
(0.08 mol/L);

kinetics—pseudo-first-order
model; degradation reduced

when using recycled composites;
slow decrease in degradation

after ten recycling cycles

[81]

Chitosan

Adsorption of
Arsenazo-III

(staining, analytical
reagent), 100 mg/L

Chitosan hydrogel
polymer, initiator

potassium persulphate

Maximum
adsorption
capacity—
99.9 mg/g

pH = 6, shaking time of 120 min,
polymer dose of 0.01 g, room

temperature
[82]

Chitosan
Alizarin Red S

(staining, analytical
reagent), 100 mg/L

Maximum
adsorption
capacity—
62.5 mg/g
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Table 4. Cont.

Natural
Polymer

Targeted
Application

Application Form Obtained Results Process Parameters Ref.

Sodium
alginate

Separation of Congo
red (histological
staining agent),

0.1 mg/L
Nacre-inspired multiple

crosslinked polyvinyl
alcohol/

calcium alginate/SiO2
membrane

Rejection
efficiency—99.5%

Long-term separation properties
demonstrated by the membrane;

over 99% of initial efficiency
retained after three recycling

cycles

[83]

Separation of
Alizarin red

(staining, analytical
reagent), 0.1 mg/L

Rejection
efficiency—99.1%

Separation of Sunset
yellow (dye for food

and beverage
industry), 0.1 mg/L

Rejection
efficiency—98.3%

One of the most encountered natural polymers (chitosan) was also demonstrated
by Alshahrani et al. [84] to form heterostructures with hydroxyapatite and cerium oxide,
which proved efficient (11–96% removal efficiencies) in the removal of different industrially
important dyes (Brilliant blue, Congo red, crystal violet, methylene blue, methyl orange,
Rhodamine B).

Unlike other types of pollutants, the dyes can be removed by different methods,
including filtration, adsorption and (photo)degradation (as presented in Table 4). Among
the presented examples, the most encountered natural polymers used are polysaccharides,
not only of vegetal origin (including cellulose, xylan, lignin, guar gum, β-cyclodextrin,
pectin, glucomannan, Tragacanth gum, sodium alginate) but also of animal origin (chitosan)
and proteins (silk).

The materials developed for dye removal include foams and sponges, hydrogels
and microgels, membranes, as well as polymeric beads and (nano)composites. As a
general remark, the adsorption model for their use is found by most authors to follow the
Langmuir model, but the Freundlich model is also presented (for hydrogels and composites
containing alginate or silk). Additionally, Huang et al. [71] suggested the Sips model for
the adsorption of MB on citric acid-crosslinked β-cyclodextrin. Regarding the kinetics
of the processes, the examples presented equally support pseudo-first-order and pseudo-
second-order kinetics. However, it can be observed that for protein and natural polymers
of animal origin (chitosan), the predominant model is represented by the pseudo-first-
order model (reaction rate depending only on one reactant concentration), while for the
natural polymers of vegetal origin, the predominant kinetic model proposed by the authors
is the pseudo-second-order model (a model which proposes chemisorption as the rate-
limiting step [85]). The exceptions to this model are represented by the adsorption of
malachite green and MB on Konjac glucomannan/graphene oxide sponges and on hydrogel
tragacanth gum/CaCO3 nanoparticles, respectively [75], and the degradation of MB using
Ca-alginate/CuO beads [81]. Several of the presented studies (see Table 4) demonstrate
the positive influence of the natural polymer used on the removal efficiency of the final
composite, as well as a superior removal capacity, compared with traditional materials.

The removal of the dyes by adsorption is usually achieved by electrostatic interactions
(as demonstrated in several studies [66,71–73,78–80,82]), as well as the adsorption on both
the surface and in the mesopores/macropores of composites [75,76]. On the other hand, the
photodegradation of dyes using the proposed composites involves the use of active materi-
als (such as TiO2, Fe0, ZnO), which leads to the formation of active species (reactive oxygen
species •OH, electrons) involved in the photodegradation mechanisms [41,65,76], while
flocculation is achieved by the charge neutralization mechanism [70]. The general mech-
anisms (and the interaction between the contaminants and the composites) are strongly
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dependent on the nature of the dyes used in the studies, as well as on the contaminant
removal method selected (adsorption, photodegradation, flocculation).

5.4. Management of Other Types of Industrial Emerging Pollutants Using Natural Polymers

Other types of emerging pollutants currently under scrutiny are represented by per-
sonal care products, plasticizers, surfactants and other types of industrially important
chemical materials. Some examples of their removal are presented in Table 5.

Table 5. Management of other types of EPs from industrial sources using natural polymers (in
chronological order).

Natural
Polymer

Targeted
Application

Pollutant
Class

Application Form
Obtained
Results

Process Parameters Ref.

Chitosan

Adsorption of
chlorophenol

(50 mg/kg) and
phthalic anhydride

(70 mg/kg)

industrial
precur-

sor/plasticizer

Poly(N,N-
diethylacrylamide),

poly(N-
isopropylacrylamide)

and poly(N-
vinylcaprolactum)

grafted on
chitosan/derivatives

100% removal
of organic
impurities

Best results obtained
for poly(N-

isopropylacrylamide)
graft carboxymethyl-
chitosan at 6 mg/mL;
materials can be used

for at least 5 cycles

[86]

Cellulose
Flocculation of
nonylphenol,

100 μg/L

Precursor
for antioxi-

dants,
lubricating

oil
additives,
laundry,

dish
detergents,
emulsifiers,
solubilizers,
surfactants

(poly N-isopropyl
acrylamide)-co-(poly

diallyl dimethyl
ammonium chloride)

grafted on car-
boxymethylcellulose

Flocculation,
nonylphenol

removal = 79%

Optimized conditions:
pH = 4; T = 35 ◦C;
dosage = 40 mg/L

[87]

β-
cyclodextrin

Adsorption of
perfluorooctanoic

acid

surfactant,
industrial

importance

β-cyclodextrin
decafluorobiphenyl

polymer
(DFB-CDP, 1:β-CD feed

ratio = 3)

Adsorption
capacity =
34 mg/g,

superior to
sieved coconut
shell-activated

carbon

Freundlich model best
fit the adsorption

isotherm; no significant
differences after four

recycling cycles

[88]

β-
cyclodextrin

Adsorption of
bisphenol A,

100 mg/L

Plastics
industry

Citric acid-crosslinked
β-cyclodextrin

Maximum
adsorption
capacity =

0.3636 mmol/g

0.4 g in 200 mL
pollutant, pH = 1–10;

kinetics—pseudo-
second-order model;
isotherm—Langmuir

model; 80% adsorption
capacity after five
recycling cycles

[71]
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Table 5. Cont.

Natural
Polymer

Targeted
Application

Pollutant
Class

Application Form
Obtained
Results

Process Parameters Ref.

β-
Cyclodextrin

Adsorption of
2-naphthol, 0.1

mmol/L

Intermediate
in dyes

production
β-cyclodextrin

polymer synthesized in
the aqueous phase

using tetrafluorotereph-
thalonitrile as a rigid

crosslinker,
epichlorohydrin as a

flexible crosslinker and
2,3-

epoxypropyltrimethy-
lammonium chloride
as a quaternization

reagent

Maximum
adsorption =

74 mg/g
Solid/liquid ratio =

1 mg/mL; adsorption
superior to commercial

materials; kinetics—
pseudo-second-order
and Elovich (solute

adsorption rate
decreases with the

increase of adsorbed
solute) models;

isotherm—Freundlich
model

[57]

β-
Cyclodextrin

Adsorption of
3-phenylphenol, 0.1

mmol/L

Colorimetric
reagent

Maximum
adsorption =

101 mg/g

β-
Cyclodextrin

Adsorption of
bisphenol A, 0.1

mmol/L

Plastics
industry

Maximum
adsorption =

103 mg/g

β-
Cyclodextrin

Adsorption of
bisphenol S, 0.1

mmol/L

Industrial
application

in epoxy
resins

Maximum
adsorption =

117 mg/g

Chitosan
Catalytic reduction
of p-nitrophenol, 5

mM

Industrial
intermedi-

ate
Chitosan/reduced

graphene oxide-based
composite hydrogel,
with glutaraldehyde
crosslinking agent,

loaded with Pd
nanoparticles

Catalytic
reduction, rate

constant =
0.0348 min−1

Hydrogel mixed with
1 mL pollutant

solution, added 10 mL
NaBH4 solution
(0.01 M); results

superior to literature
data, better for
2-nitroaniline

[89]

Chitosan
Catalytic reduction

2-nitroaniline, 5
mM

Industrial
intermedi-

ate

Catalytic
reduction, rate

constant = 0.125
min−1

Chitosan Degradation of
phenol, 100 mg/L

Industrial
intermedi-

ate

Recombination of
chitosan and polyvinyl

alcohol, with
microorganisms added

Biodegradation,
99%,

degradation
rate increasing

after several
uses

Best results obtained at
30 ◦C, pH = 7, higher

compared with
microorganism alone;
over 95% degradation
rates after 90 recycling

cycles

[90]

Chitosan Degradation of
p-cresol, 100 mg/L

Industrial
intermedi-

ate

Degradation in
the presence of

1600 mg/L
phenol,

concentration
decreased to

0.4 mg/L

Chitosan Degradation of
catechol, 100 mg/L

Industrial
intermedi-

ate

Degradation in
the presence of

1600 mg/L
phenol,

concentration
decreased to

0.6 mg/L

Chitosan
Degradation of
2-aminophenol,

100 mg/L

Industrial
intermedi-

ate

Degradation in
the presence of

1600 mg/L
phenol,

concentration
decreased to

4.7 mg/L
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Table 5. Cont.

Natural
Polymer

Targeted
Application

Pollutant
Class

Application Form
Obtained
Results

Process Parameters Ref.

Chitosan
Degradation of
p-nitrophenol,

10 mg/L

Industrial
intermedi-

ate

Bi-functional ternary
nanocomposite

constructed using
chitosan-wrapped
carbon nanofibers,

embedded with
Ag-doped

Co3O4

Degradation
constant =

0.0186 min−1;
degradation
efficiency =
97.39% for

40 mg catalyst

10–40 mg catalyst
immersed in 100 mL
pollutant solution;
solution irradiated
with visible light;
degradation rate

higher than carbon
nanofibers and metal
oxide alone; over 90%
degradation after five

recycling cycles

[91]

β-
cyclodextrin

Adsorption of
bisphenol A,

20 mg/L

Plastics
industry

Friedel–Crafts
alkylation reaction
between modified
β-cyclodextrin and

4,4′-bis(chloromethyl)-
1,1′-biphenyl in a

homogeneous ionic
liquid system

Maximum
adsorption =
257.75 mg/g

0.015 g of composite
dispersed

in 15 mL pollutant;
results superior to
activated carbon;

isotherm—Freundlich
model; over 90%

efficiency after six
recycling cycles

[60]

Sodium
alginate

Degradation of
p-nitrophenol,

10−4 M

Industrial
intermedi-

ate

Ca-alginate/CuO
beads

Degradation
constant =

0.202 min−1;
degradation
efficiency =

97–98%

100 mg of composite,
in the presence of

0.08 mol/L NaBH4.
Degradation efficiency
higher than Ca-alginate

alone; kinetics—
pseudo-first-order

model; 75% reduction
after 60 min, after
10 recycling cycles

[81]

Chitosan
Degradation of
p-nitrophenol,

20 mg/L

Industrial
intermedi-

ate

Chitosan/Ag
nanoparticles/layered

double-hydroxide
nanocatalyst

Apparent rate
constant =

1.65 × 10−2 s−1

20 mg nanocatalyst
added to 4 mL NaBH4
(0.54 g/L) and 6 mL of

pollutant solution;
kinetics—pseudo-first-

order model;
performance

unchanged by 5
recycling cycles

[92]

Cellulose
Extraction of

triclosan, tonalide,
100 μg/L

Personal
care

products

Polymeric films
developed by

incorporating dibutyl
sebacate,

bis(2-ethylhexyl)
sebacate,

bis(2-ethylhexyl)
phthalate,

bis(1-butylpentyl)
adipate, 2-nitrophenyl

octyl ether or
2-fluorophenyl

2-nitrophenyl ether in
cellulose triacetate, by

solvent casting

Extraction
efficiency from
synthetic water

= 68–93%/
44–94% (after

8 h)

Best results for
composite with

2-nitrophenyl octyl
ether/dibutyl sebacate;

water samples
maintained in contact
with the film having

area of 2.89 cm2, under
orbital agitation

[59]
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A particular case is represented by the very interesting study of Ling et al. [93]. In
their study, the authors evaluated the capacity of porous β-cyclodextrin polymers for
the removal of 90 micropollutants (ranging from pesticides and industrial compounds to
pharmaceuticals and personal care products, at 10 mg/L concentration), compared with a
known adsorbent, coconut shell-activated carbon, in batch and flow-through experiments.
The main conclusion of the batch experiments was that compared with the activated carbon
process, the adsorption using the natural polymer was faster, but selective (for some of the
pollutants, complete uptake was realized in 5 min). The authors correlated the selectivity
of the natural polymer with the McGowan volume (bulk size of 1 mol of molecules) and
the charge state of the target compounds. Overall, the natural polymer seemed to be a
very good alternative to activated carbon, especially for pollutants with higher McGowan
volume and positive charge (although for neutral and negatively charged pollutants with
McGowan volumes > 1.7 (cm3/mol) × 100, the adsorbent also had very good results).

Similar results were obtained by Topuz et al. [94] in the removal of several dyes
and polycyclic aromatic hydrocarbons using nanofibrous hyper-crosslinked cyclodextrin
network membranes produced by electrospinning, 460 nm in diameter. The results obtained
for most of the micropollutants are superior to literature data, and the membranes exhibited
very good reusability after acidic methanol treatment.

A widely encountered class of chemicals (personal care products, defined as products
used to increase the quality of life), often associated with pharmaceuticals in the wider
class of pharmaceuticals and personal care products (PPCP), is currently being defined as
one of the most harmful chemicals to ecosystems, being encountered all over the world [95].
Examples of such contaminants related to PCPs include triclosan (antimicrobial agent) and
tonalide (fragrance), commonly used in cosmetics. Merlo et al. [59] presented their extrac-
tion using polymeric films developed by incorporating different plasticizers in cellulose
triacetate by solvent casting, with 93–94% efficiency after 8 h, a higher efficiency than the
one recorded for the insecticide chlorpyrifos (see Table 2).

Another industry from which a significant class of emerging pollutants (surfactants)
are discharged is the cleaning products industry. An example of a surfactant that was
successfully eliminated using natural polymers is perfluorooctanoic acid, adsorbed using
β-cyclodextrin-based polymers [88].

The plastics industry is also one of the industries to which hazardous emerging pollu-
tants can be traced. Plasticizers (such as phthalic anhydride), intermediaries or additives
(such as bisphenol A) or curing agents in the epoxy industry (such as bisphenol S) were
successfully removed using chitosan or β-cyclodextrin composites. Other examples of
industrial emerging pollutant management presented in Table 5 include the industrial inter-
mediates chlorophenol (adsorbed using chitosan-based composites), nonylphenol (removed
by flocculation using carboxymethylcellulose composites), 2-naphthol, 3-phenylphenol (ad-
sorbed using β-cyclodextrin polymeric composites), 2-nitroaniline, p-nitrophenol (removed
by catalytic reduction using chitosan-based hydrogels or composites, as well as calcium
alginate/inorganic beads), phenol, p-cresol, catechol and 2-aminophenol (biodegradation
using a mixture of chitosan-based composites and microorganisms). In degradation studies,
the kinetics followed a pseudo-first-order model, and the results were superior to the liter-
ature data. Kinetic studies were also performed for the adsorption of different emerging
pollutants on β-cyclodextrin-based polymers, with the two evaluated studies revealing a
pseudo-second-order model. Composites based on the same natural polymer exhibited
adsorption isotherms fitting the Freundlich model (for the adsorption of perfluorooctanoic
acid, bisphenol A, 2-naphthol, 3-phenylphenol and bisphenol S) and the Langmuir model
for the adsorption of bisphenol A on citric acid-crosslinked β-cyclodextrin [71].

Regarding the mechanisms involved in the contaminants’ management, Hu et al. [57]
attributed the removal of bisphenol A on β-cyclodextrin composites to the adsorption in
the polymer’s cavities and other hydrophobic sites by hydrophobic interactions; a similar
mechanism was proposed by Huang et al. [71] and Sun et al. [60]. For the flocculation
removal of nonylphenol, Yang et al. [87] proposed a mechanism in which charge attraction
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and hydrophobic interaction play key roles. As previously presented for industrial dyes,
the degradation of the contaminants presented in Table 5 was achieved via electron trans-
fer [89,91]. The general mechanisms proposed for the degradation of phenolic compounds
involve the adsorption of contaminants on the surface of the composite, electron transfer
and adsorption of degradation products on the surface of the composite [81,92].

5.5. Management of Other Hazardous Emerging Pollutants Using Natural Polymers

Besides the examples discussed in the previous sections (not intended as an exhaus-
tive presentation), there are numerous other types of chemicals belonging to the class
of emerging contaminants. For example, polycyclic aromatic hydrocarbons (PAHs) are
encountered across the world, caused especially by long-term anthropogenic sources. PAHs
are continuously considered a major concern, as their properties (structural, hydrophobic-
ity, thermostability, among others) are correlated with toxic, mutagenic or carcinogenic
effects [92]. Some very interesting review works were recently published on this topic,
which we suggest for further reading [96–98].

In the same category of hazardous EPs, microplastics, toxins or radionuclides can
also be included. Table 6 presents some examples of the use of natural polymers for the
management of such pollutants.

Table 6. Management of other hazardous EPs using natural polymers (in chronological order).

Natural
Polymer

Targeted
Application

Pollutant
Class

Application Form Obtained Results Process Parameters Ref.

Silk

Filtration of gold
nanoparticles,

5 nm, 5.5 × 1013

unit per mL
CdSeS/ZnS

quantum dots,
6 nm, 1 mg/mL

Nanoparticles

Membranes
prepared by

vacuum filtration
of exfoliated

degummed Bombyx
mori silk fibers

Rejection 99%

Rejection 100%

Vacuum filtration
device [68]

Cellulose
Removal of pyrene
(25, 100 ppb) from

water

Polycyclic
aromatic hy-
drocarbon

Cellulose fibers
grafted with
poly(lauryl

acrylate) and
poly(octadecyl

acrylate

Adsorption
capacity 38 mg/g

Higher capacity for
octadecyl acrylate
grafted cellulose

[99]

(Konjac)
glucoman-

nan

Adsorption of U
(VI) Radionuclides

Konjac glucoman-
nan/graphene
oxide sponges

prepared by ice
template method

Maximum
adsorption
capacity—

266.97 mg/g

Selectivity in
multi-ions system;

isotherms—Langmuir
model; kinetics—

pseudo-first-order
model; adsorption

capacity relatively high
after five recycling

cycles

[75]

Cellulose

Removal of
fluorene, 20 μg/L

Polycyclic
aromatic hy-
drocarbon

Polystyrene–cotton
composites,
obtained by

dipping pretreated
cotton in 2%
polystyrene
solution in
chloroform

Extraction recovery
after two elution =

65%

Recovery increased at
the second elution

[100]

Removal of
anthracene,

20 μg/L

Extraction recovery
after two elution =

71%
Removal of

fluoranthene,
20 μg/L

Extraction recovery
after two elution =

85%

Removal of
pyrene, 20 μg/L

Extraction recovery
after two elution =

93%
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Table 6. Cont.

Natural
Polymer

Targeted
Application

Pollutant
Class

Application Form Obtained Results Process Parameters Ref.

Cellulose

Removal of
polycyclic aromatic
hydrocarbons from

mainstream
cigarette smoke

Polycyclic
aromatic hy-
drocarbon

Cellulose cigarette
filter with porous

structure, pore size
controlled by

polyvinylpyrroli-
done

using a dip–dry
method

Removal efficiency
61.79%

Higher than
conventional cellulose
acetate filter (39.22%

removal)

[101]

Cellulose

Plastic mi-
cro/nanoparticles

stained with
neutral red dye

Microplastic
particles

from
commercial
body scrub

Cellulose surface
functionalized with
polyethylenimine

Maximum
adsorption

efficiency of
97%, 98% and 99%

for polymethyl
methacrylate,

polyvinyl chloride
and polyvinyl

acetate
nanoparticles

Kinetics—pseudo-
second-order

model
[102]

Cellulose, β-
cyclodextrin

Adsorption of
microcystin-LR, 1.5,

0.8 μg/mL
Cyanotoxin

Aerogels from
cellulose nanofibril

grafted
with β-cyclodextrin

Adsorption
capacity

0.078 mg/g

Aerogels placed in
20 mL of toxin

solutions at room
temperature and
constant stirring;
kinetics—pseudo-

second-order
model

[103]

Sodium
alginate

Adsorption of U
(VI), 5 mmol/L Radionuclides

Granulated resin
obtained by
crosslinking

sodium alginate
with

1,6-hexamethylene
diisocyanate in

benzene

Maximum
adsorption
capacity—

269.80 mg/g

Replacement of Na+

ions by
H+ (using dilute
mineral acids);
replacement of

hydrogen ions with
metal ions by ion
exchange. Higher
capacity for U ions
compared to other

metals

[104]

Polysac-
charides

Coagulation and
removal of TiO2

nanoparticles in the
form of

TiO2–humic acid
complex

Nanoparticles

Enteromorpha
prolifera

polysaccharide
together with poly
aluminum chloride

Removal efficiency
87.12%

Highest efficiency for
1 mg/L

polysaccharides; in the
presence of poly

aluminum chloride
95.68%;

isotherm—Langmuir
model; faster growing,

larger and stronger
flocs

[105]

The use of cellulose-based compounds, as presented in Table 6, is a viable approach for
the removal of PAHs from water sources (as demonstrated by Mehmandost et al. [100], who
suggested a removal mechanism based on PAHs/polymer π–π interactions), as well as from
mainstream cigarette smoke. The second application would be of particular importance for
avoiding smoke-related illnesses [101].
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A potential application of a granulated resin obtained using natrium alginate as a
natural polymer precursor is represented by the chelation of radioisotope models, such as
U(VI) ions, as presented by Hassan [104]. As in the case of the composite sponges made of
Konjac glucomannan/graphene oxide, presented by Chen et al. [75], the polysaccharide
composites exhibited high affinity for the isotope model, with a similar adsorption capacity.
The proposed mechanism was chelation using the attraction forces between the opposite
charges of the natural compound and the cationic metal.

With the unprecedented development of nanotechnology, nanoparticles will soon
become emerging pollutants of high interest. Although the potentially detrimental effects
of nanoparticles are, in most cases, a subject of debate, their particularities (small dimen-
sions, non-biodegradability, mobility, high surface areas, etc.), differentiate them from
the corresponding ions (which are in some cases currently monitored), making them a
preventive subject for environmental management studies. Natural polymers can be used
in this area, as demonstrated for the rejection of gold nanoparticles using silk membranes
or the removal of TiO2 nanoparticles by flocculation using polysaccharide composites.

More recently included in the category of emerging pollutants [106,107], microplastics
and toxins can also be successfully managed by the use of natural polymers. Present in a
large variety of products or resulting from the breakdown of larger materials, microplastics
became a global issue due to their easy crossing through the food chain, ultimately affecting
human health (although currently, their effects are poorly understood) [108]. Asma and
Valiyaveettil [102] demonstrated the adsorption by electrostatic interactions of different
types of micro- and nanoplastics using cellulose surface functionalized with polyethylen-
imine with more than 97% efficiency, the adsorption kinetics following a pseudo-second-
order model.

Naturally occurring (being produced by cyanobacteria) hepatotoxic cyanotoxin micro-
cystins (MCs) are currently considered emerging contaminants, with a poorly understood
ecological role. The cyanotoxins were proven to have toxic effects on ecosystems [109]
and human health [110]. In this context, Gomez-Maldonado et al. [103] evaluated the
adsorption of microcystin-LR (the most toxic microcystin) at different concentrations (1.5
and 0.8 μg/mL) using cellulose–β-cyclodextrin aerogels. The aerogels revealed a good
adsorption capacity (0.078 mg/g) and the kinetics studied revealed that the process fit
a pseudo-second-order model, allowing the proposal of a viable alternative for the im-
provement of water quality. According to the authors, the adsorption process targets the
hydrophobic Adda groups in the microcystin.

Another very useful potential application of natural polymers is the detection of
hazardous phenolic compounds, as demonstrated by Balram et al. [91]. Besides the efficient
degradation of p-nitrophenol, the nanocomposite, comprising chitosan-wrapped carbon
nanofibers embedded with Ag-doped Co3O4 deposited onto a carbon electrode, also proved
efficient in the detection of the same phenolic compound by electrochemical methods. The
sensor developed with the composite revealed a sensitivity of 55.98 μAμM−1cm−2 and a
detection limit of 0.4 nM; its application was demonstrated using sewage, underground
water and tomatoes.

6. Concluding Remarks and Future Perspectives

The use of natural polymers for the management of emerging pollutants represents
a topic of interest worldwide. Their availability in renewable resources, ease of manu-
facturing composites, as well as the possibilities to develop truly “green” materials with
minimum environmental impact make them very good candidates for developing alter-
native de-pollution technologies. At the same time, their recyclability and stability also
represent tremendous advantages.

According to the literature data, there are some steps necessary before the industrial
development of these technologies. Unlike other newly proposed technologies, the reaction
mechanisms are rather well established. For example, the adsorption mechanisms of β-
cyclodextrin (one of the most encountered materials among the natural polymers applied in
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environmental studies) are presented in many studies. For model dyes (such as methylene
blue), the adsorption most probably occurs primarily by surface binding, while for a non-
polar molecule (such as bisphenol A), the removal is achieved by host–guest inclusion in the
hydrophobic cavities [71]. Another non-competitive adsorption process was observed by
Hu et al. [57] for the removal of humic acid and bisphenol A using a β-cyclodextrin polymer
(humic acid being removed by ion exchange with the quaternary ammonium groups of
the polymer, while bisphenol A adsorbed in the cyclodextrin cavities by hydrophobic
interactions). The different mechanisms would allow the independent removal of both
types of pollutants from complex matrices. The use of this particular heptasaccharide in
de-pollution studies proved to be efficient at a laboratory scale, and has several advantages
such as the ease of preparation (performed by the action of cycloglycosyltransferase enzyme
on partially hydrolyzed starch [111]) and low production costs. However, the upscaling
to industrial applications is complicated by relatively complex functionalization steps,
which are often required in order to reach appropriate decontamination properties [112]. A
possible response to this issue could be represented by the use of citric acid-crosslinked
β-cyclodextrin, demonstrated to have adsorptive properties towards dyes and phenolic
compounds [71]. More widespread materials (including sodium alginate in its modified
calcium form, cellulose or chitosan) could be viable alternatives, as they possess adsorptive
properties, even in unmodified form or with basic alteration of their native form [43,80,81].
Such materials (iron oxide nanoparticle-loaded chitosan composites) proved successful,
e.g., in the pilot-scale adsorption of phosphate [51].

On the other hand, when functionalized with different types of other compounds,
all natural polymers proved effective in the removal of pollutants, either by adsorption,
catalytic oxidation or flocculation. The efficiency of the process usually depends on other
constituents of the composites, although the polymers were proven to contribute to the final
effect (as demonstrated for lignin and chitosan in the adsorption of methylene blue, and
Acid Blue-113, respectively [72,78], by comparing the results obtained with and without the
natural polymer). However, in many of the presented studies, the natural polymer is used
as a support material. This raises some questions regarding whose responses actually could
constitute the future of this particular removal method: can the natural polymers be used,
with as little as possible modification from their native state for the industrial-scale removal
of emerging contaminants? This remains a question to be answered in future studies, as
the field of emerging contaminants will unfortunately provide continuous research topics.

In our opinion, future studies should focus on the aspect of practical, industrial
application, considering all involved factors: associated costs to produce the active material,
energetic costs or costs related to the regeneration of the active materials, alongside the
efficiency of the developed technologies, compared to the current state of the art (i.e., the
use of activated carbon, clays, etc.) [113,114].
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Abstract: Low-density polyethylene (LDPE) films are widely used in packaging, insulation and many
other commodity applications due to their excellent mechanical and chemical properties. However,
the water-wetting and water-repellant properties of these films are insufficient for certain applications.
In this study, bare LDPE and textured LDPE (T-LDPE) films were subjected to low-pressure plasmas,
such as carbon tetrafluoride (CF4) and hydrogen (H2), to see the effect of plasma treatment on the
wetting properties of LDPE films. In addition, the surface of the LDPE film was textured to improve
the hydrophobicity through the lotus effect. The LDPE and T-LDPE films had contact angle (θ) values
of 98.6◦ ± 0.6 and 143.6◦ ± 1.0, respectively. After CF4 plasma treatments, the θ values of the surfaces
increased for both surfaces, albeit within the standard deviation for the T-LDPE film. On the other
hand, the contact angle values after H2 plasma treatment decreased for both surfaces. The surface
energy measurements supported the changes in the contact angle values: exposure to H2 plasma
decreased the contact angle, while exposure to CF4 plasma increased the contact angle. Kinetic friction
force measurements of water drops on LDPE and T-LDPE films showed a decrease in friction after the
CF4 plasma treatment, consistent with the contact angle and surface energy measurements. Notably,
the kinetic friction force measurements proved to be more sensitive compared to the contact angle
measurements in differentiating the wetting properties of the T-LDPE versus 3× CF4-plasma-treated
LDPE films. Based on Atomic Force Microscopy (AFM) images of the flat LDPE samples, the 3× CF4
plasma treatment did not significantly change the surface morphology or roughness. However, in
the case of the T-LDPE samples, Scanning Electron Microscopy (SEM) images showed noticeable
morphological changes, which were more significant at sharp edges of the surface structures.

Keywords: LDPE; plasma modification; surface texture; wetting properties of LDPE; lotus effect

1. Introduction

Polymers are crucial materials in various fields, such as packaging, adhesives, automo-
tive and even the biomedical field [1]. Because of their inert nature and desired mechanical
properties with tunable functional properties, polymers have replaced traditional engineer-
ing materials, such as metals and wood, and have been used in many forms and shapes,
such as films, disk, plates, wire, foams, etc. [2,3]. Low-density polyethylene (LDPE) is
one of the most widely used polymers in several industries, and its production is well
established, easy and cheap [4,5]. Although LDPE has superior thermal, electrical and
mechanical properties, it possesses a low surface free energy that affects its wettability
and adhesion. LDPE similar to most of the commodity polymers are inert, and there are
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several contamination layers on the surface, e.g., low-molecular-weight oligomers, addi-
tives, release agents, oil, etc. [6–8]. Those contaminations make the bonding on the surface
of LDPE even more challenging [9]. Most of the industrial and biomedical applications
require additional modifications of the polymer surfaces [9,10]. By changing the surface
properties, it is possible to improve the wettability, printability and biocompatibility and,
hence, enhance the applications of the polymers [11,12].

There are several methods available for the surface modifications of polymers. For
example, Shenton et al. used atmospheric pressure plasma to increase the adhesive property
of LDPE and polyethylene terephthalate (PET) [9]. Cheng et al. used the vapor phase
deposition-initiated roll-to-roll method to modify cellulose chromatography paper [13].
Nejati et al. reported using lasers to functionalize the surface of carbon to attach silver
nanoparticles on it [14]. Strobel and his coworkers exposed polypropylene (PP) to flames to
improve its wettability [15]. Netravali and his colleagues used pulsed argon ion beams to
increase the hydrophilicity of ultra-high-strength polyethylene fibers [16]. Further, even wet
chemical techniques are available to functionalize the surface of crystals, such as gallium
phosphide crystalline [17].

The low-pressure, cold plasma technique has many advantages for the surface modifi-
cation of polymers [18–21]. Plasma treatment alters only a few tens to hundred angstroms
of the samples’ surface, while the bulk material remains unchanged [22]. Plasma gas
treatment shows better homogeneity on surface modifications of polymers than corona
discharge or flame exposure methods [18,23]. The treatments after the plasma process show
better uniformity on the treated sample [24,25]. Furthermore, the exposure time can be
kept noticeably short [26], and the parameters can be adjusted well and tuned with variable
plasma gases and do not require any drying processes, such as wet chemical processes and
solvent removal [27]. The plasma gas technique is ecological when the absence of chemical
waste is considered [28]. Since it is a dry process, plasma treatment affords significant
advantages for industrial applications.

In this study, commercially available LDPE and physically altered LDPE films (i.e.,
microtextured, as shown in Figure S1) were treated with CF4 and H2 plasmas. The plasma
treatments were performed multiple times, e.g., up to three times, and the changes in
the surface energy, water contact angle and roll-of angle were measured. The surface
topography of textured LDPE (T-LDPE) samples was examined with the help of scanning
electron microscopy (SEM, Hitachi 3400 electron microscope, Santa Clara, CA, USA), and
the wetting properties of the surfaces were characterized by contact angle and sliding angle
measurements, as well as by force-based friction measurements between a water drop and
the films. This study shows the combined effects of the low-pressure plasma treatment and
the surface texturing method on LDPE films.

2. Materials and Methods

2.1. Plasma Treatment

All the experiments for the capacitively coupled plasma gas treatments were conducted
via a low-pressure radio frequency (RF,13.56 MHz) plasma generator instrument (Femto
AR-PC, Diener Electronic, Ebhausen, Germany). The low-pressure chamber of the plasma
generator was evacuated by a rotary vane pump (16 m3/h, Trivac D16BCS, Leybold
Vakuum GmbH, Köln, Germany), and the pressure was monitored using a Pirani sensor.
The inlet gas was introduced into the chamber at a flow rate of 1 mL/min by the mass flow
controller of the plasma generator. The optimal working conditions of the plasma generator
were set at 0.3 mbar, and the pressure was kept constant at that value during the plasma
gas exposure. In the treatments of LDPE, H2 and CF4 gas plasmas were used. To dispose of
the undesired gases from previous runs and the accumulated air from the waiting time, the
plasma generator ran empty for 15 min prior to each plasma treatment. To determine the
optimum parameters for the employed plasma gases, the LDPE samples were exposed to
plasma gases for 2, 4, 6, 8, 10 and 15 min. For each time duration, the plasma power was
varied as 30, 90 and 150 W values. After treatments, the water contact angles (CAs) were
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measured via an optical tensiometer (Biolin Scientific, Attention Theta Flex, Phoenix, AZ,
USA). A 150 W, 15 min exposure resulting in the highest CA value for the CF4 treatment
was chosen, whereas the lowest-CA-value resulting treatment from H2 treatments was set
with the optimum parameters of 30 W and 8 min.

To see the difference in single and multiple plasma gas treatments, samples were
treated one time and three times with the same plasma gas. After treatments, the wet-
ting properties, such as surface free energy, CA, sliding angle and water drop friction,
were measured.

2.2. Surface Texturing of LDPE

Laser machining (CAJO, Technologies, New Orleans, LA, USA) was used to create a
square lattice of circular holes (100 μm in diameter with 150 μm center-to-center spacing)
on stainless steel. The latter served as a mold to create the textured LDPE films. In a typical
molding step, the stainless-steel mold was preheated on a hotplate to 140 ◦C. A smooth
LDPE film was placed on the mold and allowed to melt. Once the LDPE film turned
translucent, a Teflon roller (McMaster-Carr, Douglasville, GA, USA) was used to compress
the film so as to ensure that the liquid LDPE entered the holes in the stainless-steel mold.
The latter was then cooled to room temperature, and the LDPE film was peeled off the
surface, resulting in the textured LDPE film.

2.3. Measurements of Wetting Properties Using Contact Angles

The effect of functionalization via plasma treatment was assessed by the change in the
wetting properties of the LDPE plate. The characterization of the plasma-treated samples’
CA values was measured via an optical tensiometer. For the CA and surface free energy
measurements, the sessile drop method was utilized. A 6 μL volume of liquid dropped on
the surface of the sample was used, and 332 frames were recorded in 10 s.

In the sliding angle measurements, a volume of 100 μL distilled (DI) water was used.
The sample holder was tilted at a rate of 90◦ per minute until the droplet slid off the sample
surface. During the tilting, the droplets were captured at 5.5 frames per second (FPS), and
the changes in CA on both sides of the drop were also recorded to measure the contact
angle hysteresis (CAH). The CA, surface free energy and sliding angle CAH results were
presented as the average of three different measurements. For the analysis of wetting
properties, a software (One Attention from Biolin Scientific, Phoenix, AZ, USA, version
4.2.0) was used.

The OWRK (Owen, Wendt, Rabel and Kaelble) Model was utilized to evaluate the
surface free energy of the polymer [29–32]. This model uses dispersive and polar force
components of the material to calculate the surface free energy. The following equation,
Equation (1), was used to determine the samples surface tensions.

(
γd

svγd
lv

) 1
2
+

(
γ

p
svγ

p
lv

) 1
2
= 0.5 + γlv(1 + cos(θY)) (1)

where γsv and γlv are the surface tensions of the solids and liquids, respectively; super-
scripts “d” and “p” are the dispersive and polar force components; and, finally, θY is the
contact angle of the liquid. Previous studies show using water and diiodomethane pro-
duces the most accurate results [31,33]. For that reason, DI water and diiodomethane were
used for the calculation of dispersive and polar force components.

2.4. Measurements of Wetting Properties using Force-Based Friction Measurements

A nanotribometer (UMT Multi-specimen Test system, Bruker (formally CETR), San
Jose, CA, USA) with a sensitivity of ± 1 μN and a force range of ±10 mN was used
to measure normal and lateral friction forces. The protocol developed by Beitollahpoor
et al. [34] was followed. A total of 20 μL water drops were placed on a copper ring probe,
with an inside diameter of 2.3 mm, and covered by a PDMS layer on the top so as to prevent
each water drop from passing through the probe during compression of the drop on the
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surfaces (Figure S2). In a typical run, the water drop held by the ring probe was brought
into contact with the SH surface at the velocity of 2 mm/s. Once the drop touched the
surface, a predetermined preload was applied on the drop for 20 s to allow the solid/liquid
interface to equilibrate (resting time) within the static regime. In the next step, the ring
probe began to move laterally, thereby sliding the drop on the surface under a constant
load, at a velocity of 0.1 mm/s for 30 s. The feedback controller of the instruments ensured
that the load was maintained at the desired value throughout this step. In the transition
step, while the ring was moving, the water drop remained pinned on the SH surface, and
the static friction increased. Typically, the highest friction force was obtained at the very
moment the receding edge of the water drop began to slide, i.e., the static friction force,
Fstatic
‖ , or the threshold force. The transition regime was followed by the kinetic regime,

in which the water drop slid while overcoming the dynamic friction force, Fkinetic
‖ , on the

SH surface. The drop was finally pulled off of the surface in the last step. Generally, if
the surface is homogenous and void of defects, Fstatic

‖ is greater than Fkinetic
‖ . Each run was

repeated at least five times, and the error bars correspond to the standard deviations.

3. Results

3.1. Contact Angle and Surface Free Energy Measurements

The effect of two different plasmas, CF4 and H2, on the surface of LDPE was studied.
For these two different LDPE surfaces, smooth and textured with microstructures were
employed. Plasma treatment of the surfaces with either H2 or CF4 rendered the LDPE
surfaces more hydrophilic or hydrophobic with respect to a virgin LDPE surface. The effect
of multiple plasma treatments (1× or 3×) was also investigated to determine whether
further modification after the first plasma treatments was possible.

The CA measurements were determined right after the plasma treatment of LDPE
with CF4 and H2 plasma gases. Figure 1 shows the change in the CA of H2- and CF4-
plasma-gas-treated samples.

Figure 1. Contact angle (CA) values of LDPE and T-LDPE samples upon multiple H2 and CF4

plasma treatments.

After texturing the LDPE films, T-LDPE, the CA values increased drastically from
98.6◦ ± 0.6 to 143.6◦ ± 1.0. Since LDPE is inherently hydrophobic, the addition of surface
roughness and texture is expected to increase the CA value. In this case, the surface
texturing traps air pockets, and water drops remain in the Cassie–Baxter state [35]. After
functionalization via CF4 and H2 plasma treatments, the wetting behavior of the smooth
LDPE films showed a higher change than the T-LDPE samples. Upon H2 plasma treatment,
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the generation of radicals and species, such as H+, H2
+ and H3

+, the functional groups on
the surface of LDPE, reacts with air molecules and gases upon exposure to the atmospheric
gases after the plasma treatment [36,37]. This can lead to the formation of more polar
groups, such as double carbon bonds, hydroxyl, carboxyl, carbonyl, peroxide, ester and
ether on the surface of the LDPE samples, which resulted in lower CA values, e.g., from
98.6◦ ± 0.6 to 36.4◦ ± 2.0 after the 3rd H2 plasma treatment. This hydrophilicity is attributed
to the increased interaction of the newly formed functional groups on the surface of LDPE
with water molecules [38–40]. The T-LDPE samples followed a similar behavior, and their
CA values changed from 143.6◦ ± 1.0 to 60.80◦ ± 4.0 after the 3rd H2 plasma treatment. A
reason for this could be the functionalization of additional surface groups after repeated
H2 plasma treatments. These results show that the chemical composition of the surfaces
also plays a significant role in the surface wetting behavior, in addition to the surface
morphology, emphasizing the availability of appropriate functional groups [41–43].

It was reported that the surface of the LDPE samples could be fluorinated upon CF4
plasma treatment [41]. After introducing the C–CF, CF, CF2 and CF3 groups by means of
CF4 plasma treatments, the hydrophobicity of the materials increased [44–46]. The main
reason for the increased hydrophobicity of fluorinated surfaces is the lower-density packing
of fluorocarbons on those surfaces, which causes weaker van der Waals interactions with
water [47]. Upon three consecutive CF4 plasma treatments, the contact angle values for
LDPE samples increased from 98.6◦ ± 0.6 up to 122.7◦ ± 1.4. On the other hand, the
hydrophobicity of T-LDPE samples did not change significantly, as it was found to change
143.6◦ ± 1.0 to 143.9◦ ± 1.6 after the 3rd CF4 plasma treatment. These results indicate
that the polar force component of T-LDPE samples was almost unchanged after the CF4
plasma treatment. The surface area of the T-LDPE in contact with the DI water droplet was
much smaller in the Cassie–Baxter state in comparison to the LDPE with smooth surfaces,
hence the adhesive forces, and this could be a reason for the unchanged contact angle
values. Since the CA measurements were not sufficiently sensitive to detect changes in
the wetting properties of the T-LDPE samples before and after CF4 plasma treatment, a
force-based measurement developed by Beitollahpoor et al. [34] was used and is presented
in Section 3.3.

The surface free energies of the samples were also measured. Figure 2 depicts the
changes of the surface free energies of LDPE samples after plasma treatments.

Figure 2. Change in surface free energies of LDPE samples and T-LDPE samples.

Since the measurements were determined with DI water and diiodomethane, the
surface energy measurements can provide insight not only into the change in the polar
force component, but also the change in the dispersive force component of the plasma-
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treated LDPE and T-LDPE samples. The CA measurements resulted in an increase in
hydrophilicity after H2 plasma treatments for LDPE and T-LDPE. Therefore, the increase in
the surface free energies was expected after H2 plasma treatments. The surface free energy
of LDPE increased from 33.8 ± 0.2 mN/m to 70.3 ± 1.0 mN/m after the 3rd H2 plasma
treatment. Unfortunately, the diiodomethane drops formed unmeasurable shapes on the
surface of T-LDPE samples after H2 plasma treatments; therefore, the surface free energy of
these samples could not be measured.

CF4 plasma treatments of both the LDPE and T-LDPE samples showed a decrease in
surface free energies. These results were expected for LDPE samples, since the fluorination
increased the hydrophobicity of the surface of the LDPE samples. The surface free energies
of LDPE samples dropped from 33.8 ± 0.2 mN/m to 7.8 ± 0.7 mN/m after being treated
3 times with CF4 plasma. Similarly, T-LDPE samples also dropped from 22.7 ± 0.2 mN/m to
1.0 ± 0.1 mN/m after the 3rd CF4 plasma treatment. The surface free energy measurements
show that the attraction from dispersive force component of both LDPE and T-LDPE
surfaces decreased after the CF4 plasma treatments.

3.2. Sliding Angle Measurements

Any chemical modifications on the sample surface also affects the necessary incline
in the tilting angle to slide the droplets off the surface of LDPE and T-LDPE films. The
tilting angle of the stage is referred to as the cradle angle, θc. Besides the sliding angles,
the contact angle hysteresis (CAH) was also measured. During the tilting of the stage,
gravitational force cause deformation in the shape of the droplets. This deformation leads to
two results: (1) an increase in CA on one side of the droplets, which is called the advancing
contact angle, θa, and (2) a decrease in CA on the other side of the droplets, known as
the receding contact angle, θr. The difference between the advancing and the receding
contact angle is the CAH [32,48,49]. On hydrophobic surfaces, the sliding occurs at low θC
values, and the deformation in the shape of the droplets is usually very low. When the CA
of a surface results in a value greater than 150◦, the surface is called super hydrophobic.
The CAH values of super-hydrophobic surfaces are close to 0◦. The CAH measurements
are summarized in Table 1, along with the values of various angles: the sliding angle (α),
advancing contact angle (θa) and receding contact angle (θr) for LDPE and T-LDPE films
after plasma gas treatments.

Table 1. Change in sliding angle (α), advancing contact angle (θa), receding contact angle (θr) and
contact angle hysteresis (CAH) after plasma treatment of LDPE and T-LDPE samples.

Sample
Sliding Angle,

α (◦)

Advancing
Contact

Angle, θa (◦)

Receding
Contact

Angle, θr (◦)

Contact Angle
Hysteresis,

CAH = θa − θr

(◦)

LDPE 12.5 ± 0.4 102.0 ± 0.8 80.1 ± 2.7 21.9
T-LDPE 6.9 ± 0.3 130.2 ± 3.5 110.5 ± 4.8 19.7

LDPE, 3× H2 14.7 ± 1.9 47.6 ± 0.6 7.6 ± 0.5 40
T-LDPE, 3× H2 38.2 ± 2.5 107.1 ± 3.5 23.2 ± 3.8 83.9
LDPE, 3× CF4 27.2 ± 2.7 141.1 ± 1.0 81.1 ± 2.1 59.9

T-LDPE, 3× CF4 1.7 ± 0.1 121.2 ± 0.7 118.3 ± 0.9 2.8

H2-plasma-treated LDPE and T-LDPE samples show higher CAH values because of
increased hydrophilicity. The sliding angle (α) for H2-treated LDPE samples increased
from 12.5◦ ± 0.4 to 14.7◦ ± 1.9. However, H2 plasma treatment resulted in a much greater
increase for T-LDPE samples. The surface roughness of T-LDPE samples can affect the
droplets’ grip on the surface. That effect can increase the droplet resistance against sliding
off the T-LDPE surface. For CF4-treated samples, on the other hand, the sliding angles
of LDPE samples increased from 12.5◦ ± 0.4 to 27.2◦ ± 2.7. One reason for that could
be the increased nanoscale roughness with the plasma etching, which can lead to drop
pinning [41,50,51]. The increased roughness can make the droplets less prone to slide off

107



Polymers 2023, 15, 2132

the surface of LDPE samples. The T-LDPE samples show almost perfect super-hydrophobic
behavior after three consecutive CF4 plasma treatments. The sliding angle drops from
6.9◦ ± 0.3 down to 1.7◦ ± 0.1, and the deformation on droplets is very low when compared
to the other samples.

3.3. Force-Based Friction Measurements on T-LDPE Surfaces

Figure 3a compares the Fkinetic
‖ between a water drop and four surfaces: unmodified

smooth LDPE, 3× CF4-treated smooth LDPE, unmodified T-LDPE and 3× CF4-treated
T-LDPE. The force-based measurement could not be performed on the H2 plasma-treated
samples because the samples were too hydrophilic. As a result of the strong interaction
between the water drop and the surface, the ring drop holder was unable to drag the water
drop (i.e., the water drop remained pinned on the surface until it detached from the ring
drop holder). An applied load equal to the weight of the 20 μL drop (i.e., 200 μN) was
maintained during the measurement. The effect of the CF4 treatment was apparent on
both smooth and T-LDPE surfaces. In the case of the smooth LDPE surface, the Fkinetic

‖
dropped from an average value of 102 μN to 81.3 μN after the CF4 treatment. The drop
was even more significant on the T-LDPE surface, starting at an average value of 14.4 μN
and decreasing to 3.17 μN after the CF4 treatment. As demonstrated previously, CA
measurements did not show significant differences between the unmodified and CF4-
plasma-treated T-LDPE samples, even after 3× treatments. Using the nanotribometer, loads
ranging from 100 to 1000 μN were applied and maintained on 20 μL drops during shearing
against the unmodified and CF4-plasma-treated T-LDPE samples. Figure 3b shows a plot of
Fkinetic
‖ as a function of the applied preload on a water drop as it is sheared on the T-LDPE

surfaces. Under the entire load range of 100–1000 μN, the Fkinetic
‖ on the unmodified T-LDPE

(yellow dashed lines) was greater than the Fkinetic
‖ on the CF4-plasma-treated T-LDPE (blue

dashed lines). The lower Fkinetic
‖ on the CF4-plasma-treated T-LDPE is attributed to the

lower surface energy provided by the CF4 modification (See Figure 2). The water drop
remained in the Cassie–Baxter state for both surfaces over the entire applied load range
(i.e., the drop did not enter the Wenzel state).

3.4. SEM and AFM Images of Altered LDPE Samples

To see the effect of plasma treatment on surface morphology and roughness, AFM
(Bruker Dimension ICON, San Jose, CA, USA) images of the 3× CF4-plasma-treated flat
LPDE were acquired, and the corresponding images are shown in Figure S3. As can be
seen from the AFM images, the surface roughness did not change significantly. However,
the SEM images of the T-LDPE samples presented in Figure 4a show significant surface
morphological changes, as presented in Figure 4b at the tips of the surface structures, i.e.,
developing sharp edges after 3× CF4 treatments. The plasma process only affects a few
tens of nm, maybe up to 50 nm [52,53] of the surface layer of the polymers, depending on
the nature of the polymers, such as the crystallinity, glass transition temperature, MW and
the extent and the nature of the functional groups. Upon comparison of the SEM images of
the T-LDPE samples before and after 3× CF4, there is some morphological change in the
surface of the T-LDPE samples that occurred due to the 3× CF4 treatments.

The low-pressure plasma process plays a very limited role in the physical alteration
of the T-LDPE, depending on the plasma parameters, such as exposure time, power, etc.;
however, it is possible to induce some slight alteration in the surface morphology of T-LDPE
with plasma exposure, while maintaining the main features. As plasma parameters, e.g.,
power, exposure time, etc., can be controlled, it is possible to find appropriate parameters
that do not induce recognizable changes on the surface features of T-LDPE. However, it
may be necessary to make chemical modifications on the surface of LDPE, e.g., generation
of C-F groups so that the chemical modification is achieved, and this can somehow change
the surface morphology. Moreover, etching could play an important role in the surface
modification of T-LDPE samples [54–56].
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Figure 3. (a) Change in the Fkinetic
‖ of LDPE samples and T-LDPE samples after 3× CF4 plasma

treatment. The applied load on the water drop was maintained at 200 μN. (b) Plot of the Fkinetic
‖

versus applied normal load of a 20 μL water drop sheared against an unmodified (red data) and 3×
CF4-plasma-treated textured LPDE. The shear velocity is 0.1 mm/s. Each experiment was repeated at
least 3 times, and error bars represent the standard deviations.

 

Figure 4. SEM images of (a) untreated T-LDPE and (b) after three times treatment with CF4 (3× CF4

T-LDPE) at 3 magnifications.
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4. Conclusions

LDPE and T-LDPE samples were treated with successive H2 and CF4 plasmas. H2
plasma treatments caused a decrease in water CA measurements, while CF4 plasma treat-
ments resulted in an increase in water CA measurements. After a 3rd H2 plasma treatment,
the surface free energy value of LDPE increased to 70.3 ± 1.0 mN/m from 33.8 ± 0.2 mN/m,
and after a 3rd CF4 treatment, the surface free energy value decreased to 7.8 ± 0.7 mN/m.
The sliding angle α value of LDPE samples increased from 12.5◦ ± 0.4 to 14.7◦ ± 1.9 after
the 3rd H2 plasma treatment and to 27.2◦ ± 2.7 after the 3rd CF4 treatment. The CA of
T-LDPE decreased from 143.6◦ ± 1.0 to 60.8◦ ± 4.0 after the 3rd H2 plasma treatment and
increased to 143.9◦ ± 1.6 after the 3rd CF4 plasma treatment. The surface free energy of
T-LDPE decreased from 22.74 ± 0.2 mN/m to 1.0 ± 0.1 mN/m after the 3rd consecutive
CF4 plasma treatment. The sliding angle of T-LDPE samples increased to 38.2◦ ± 2.5 from
6.9◦ ± 0.3 after the 3rd H2 plasma treatment and decreased to 1.7◦ ± 0.1 after the 3rd CF4
plasma treatment. The CAH values of the samples increased based on the increases of the
hydrophilicity of the surfaces, regardless of the treatment. However, samples with surface
features, e.g., T-LDPE, had a lower CAS than their non-textured surfaces, e.g., LDPE with
smooth surfaces. After the 3rd consecutive CF4 plasma treatment, the friction force be-
tween water drops, and LDPE and T-LDPE films dropped from 102 μN to 81.3 μN and from
14.4 μN to 3.17 μN, respectively. These results suggest that the combinatory effect of surface
texturing and plasma gas treatments of LDPE provide significant changes in the wetting
properties of surfaces, which are potentially advantageous in many applications using this
material. The area of application of textured and plasma-treated samples not only include
tubing, piping, packing and food and beverage, but also cover biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15092132/s1, Figure S1: LDPE (top left) and T-LDPE (top
right) samples. DI water forms different shapes on LDPE (bottom left) and on T-LDPE (bottom
right); Figure S2: Optical image of the experimental setup used to measure the kinetic friction
between a water drop and a textured LDPE sample. The water drop is 20 μL. The copper ring
drop holder is connected to a dual-axis force sensor which allows for simultaneous normal and
lateral force measurements.; Figure S3: AFM images using tapping mode of flat LDPE samples (a)
before, (b) after 3× CF4 plasma treatment. The surface roughness (Rq) changes from 9.22 ± 3.73 nm
to 10.28 ± 3.73 nm. The surface roughness values were obtained by averaging the roughness of 3
random locations on each sample.
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Abstract: This work presents a molecular dynamics (MD) simulation study on the effect of grain
boundaries (GBs) on the mechanical properties of epoxy/graphene composites. Ten types of GB
models were constructed and comparisons were made for epoxy/graphene composites containing
graphene with GBs. The results showed that the tensile and compressive behaviors, the glass
transition temperature (Tg), and the configurations of epoxy/graphene composites were significantly
affected by GBs. The tensile yield strength of epoxy/graphene composites could be either enhanced
or weakened by GBs under a tensile load parallel to the graphene sheet. The underlying mechanisms
may be attributed to multi-factor coupling, including the tensile strength of the reinforcements,
the interfacial interaction energy, and the inflection degree of reinforcements. A balance exists
among these effect factors, resulting in the diversity in the tensile yield strength of epoxy/graphene
composites. The compressive yield strength for epoxy/graphene composites is higher than their
counterpart in tension. The tensile/compressive yield strength for the same configuration presents
diversity in different directions. Both an excellent interfacial interaction and the appropriate inflection
degree of wrinkles for GB configurations restrict the translational and rotational movements of epoxy
chains during volume expansion, which eventually improves the overall Tg. Understanding the
reinforcing mechanism for graphene with GBs from the atomistic level provides new physical insights
to material design for epoxy-based composites containing defective reinforcements.

Keywords: epoxy resin; graphene; grain boundary; mechanical property; glass transition temperature;
molecular dynamics

1. Introduction

Epoxy with a cross-linked network structure is the most promising high-performance
thermosetting polymer for multifunctional composites due to its excellent mechanical proper-
ties, good chemical stability, and durability. These characteristics make epoxy widely used in
aerospace, coating, adhesives, electronics, automotive, and biotechnology fields [1–6]. How-
ever, due to its high cross-linking degree, epoxy exhibits low toughness and impact and crack
resistance, which limits its application in high-end fields [7]. Previous studies showed that
these limitations can be overcome by embedding nanofillers inside epoxy [8–10]. Among the
various types of nanofillers, graphene has emerged as a potential reinforcement for epoxy
matrix due to its superior mechanical, thermal, and electrical properties [11–13].

Extensive experimental and computational studies were carried out on epoxy/graphene
systems, highlighting significant improvements in their mechanical and thermal properties
with the incorporation of graphene into epoxy [14–22]. Rafiee et al. [14] experimentally
illustrated that embedding graphene platelets at a low concentration can enhance a variety of
the mechanical properties of epoxy resins, including the tensile strength, stiffness, fracture
toughness, fracture energy, and resistance to fatigue crack growth. Wang et al. [23] tested
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the shear properties of epoxy construction adhesive reinforced with graphene nanoplatelets
through a thick adherend shear test (TAST). Their results showed that the shear strength of the
epoxy/graphene composites with a graphene content of 0.75 wt% was 22.7 MPa, which was
about a 102% improvement compared with neat epoxy adhesive (11.2 MPa). Bian et al. [24]
systematically investigated the mechanical properties of graphene-reinforced cross-linked
epoxy using a multiscale simulation framework, including the molecular dynamics (MD)
method and the finite element method (FEM). Their simulations predicted that the higher
compatibility of the graphene orientation simultaneously increases the stiffness, strength,
and toughness of composites. In addition, the mechanical properties of composites can be
improved by increasing the waviness of graphene, which mainly results from blocking the
debonding region at the interface between graphene and epoxy. Sun et al. [25] also performed
MD simulations to investigate the effect of hydrogen-functionalized graphene on the tensile
properties of epoxy composites. An overall enhancement in the modulus and strength of
hydrogen-functionalized graphene-reinforced composites was predicted due to the improved
interfacial bonding between the functionalized graphene sheet and epoxy matrix which
provides much better load transfer capability.

Although a significant amount of research has been performed to study the effect of
graphene as reinforcement on the mechanical and thermal properties of epoxy, the reports
are mostly focused on the effect of pristine and functionalized graphene. In fact, due to the
limitations of synthetic techniques, the crystal growth of large-size graphene during the
chemical vapor deposition (CVD) method leads to the formation of geometrical defects such
as vacancies, dislocations, and grain boundaries (GBs) [26,27]. The existence of GBs always
affects the mechanical properties of graphene sheets [28–31]. Xu et al. [29] reported that the
existence of GBs can decrease the Young’s modulus and the ultimate strength of graphene.
Wei et al. [30] found that GB defects can either strengthen or weaken graphene, which relies
on the detailed arrangement of GBs, not just the density of GBs. In addition, the strengths
of graphene GBs increase as the GB tilt angles increase only if the pentagon–heptagon
defects are evenly spaced. Grantab et al. [31] demonstrated that graphene sheets with
large-angle tilt boundaries that have a high density of defects are as strong as the pristine
material and much stronger than those with low-angle boundaries having fewer defects.
Regulating the properties of graphene by controlling GB growth is an important means to
expand the application of graphene. Recently, some progress has been experimentally made
in the controllable formation of GBs. Dong et al. [32] synthesized graphene containing
only 30◦ titled GBs on a liquid Cu surface, offering more insightful guidelines for the
design and controlled synthesis of graphene. Meanwhile, their results provided feasibility
for the application of graphene-containing GBs in composite materials. Thus, it is also
an important technology for regulating the properties of such composites [33,34].

Although these research works have made progress on the effect of GBs on the me-
chanical properties of graphene, there is a lack of research related to the effect of GBs on
the mechanical and thermal properties of polymer/graphene composites. Verma et al. [34]
evaluated the reinforcing capabilities of bi-crystalline graphene and pristine graphene on the
mechanical properties of polyethylene (PE) composites. Their results showed that, compared
with pristine graphene, bi-crystalline graphene can significantly improve the tensile, interfacial
shear, and normal cohesive strength of PE composites. This observation can be explained by
more adhesion points and a better non-bonding interaction at the interface in bi-crystalline
graphene containing higher misorientation angle GBs. The above study provided meaning-
ful information about the effect of bi-crystalline graphene on the mechanical properties of
thermoplastic polymer (PE) composites. Nevertheless, to the best of the authors’ knowledge,
the effect of bi-crystalline graphene on the mechanical properties and the thermal stability
of thermosetting polymer (epoxy) composites has not yet been investigated systematically
and comprehensively. As we all know, compared with PE, a complex cross-linked process
exists in epoxy. The interface between the graphene and epoxy matrix is different from that
between graphene and PE as the fluidity of epoxy molecules is affected by the cross-linking
structure. Moreover, how the GBs affect the thermal stability of epoxy/graphene composites
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is still unclear. Hence, it is necessary to further explore the effect mechanism behind the
enhancement in mechanical properties and thermal stability of epoxy composites reinforced
with bi-crystalline graphene-containing GBs.

In this work, using the MD method, we investigated in detail the effect of 10 types
of GBs on the tensile/compressive behaviors and the glass transition temperature (Tg) of
bi-crystalline graphene-reinforced epoxy composites. The stress–strain response, yield
strength, elastic moduli (including Young’s modulus and compressive modulus), interfa-
cial interaction energy, and Tg of epoxy composites reinforced by pristine graphene and
graphene with GBs are also estimated. The mechanism associated with the GB parameters
on the mechanical properties and the thermal stability properties is proposed as well.
Therefore, this work provides a theoretical basis for the industrialization of nano-reinforced
graphene composites.

2. Computational Details

2.1. Atomistic Models

The polymer matrix was composed of di-glycidyl ether of bisphenol A (DGEBA) as the
resin matrix and triethylenetetramine (TETA) as the hardener. To reduce the computational
cost, the polymerization degree of the initial DGEBA prior to cross-linking was set to
0 (i.e., n = 0). The atomistic models for the DGEBA and TETA segments are shown in
Figure 1a. To study the effect of GBs on the mechanical properties and the thermal stability
of epoxy/graphene composites, pristine graphene and graphene containing ten different
sets of GB configurations along the zigzag (ZZ) and armchair (AM) directions were con-
structed. According to previous work [29], GB is the one-dimensional interface between
single-crystalline domains with different lattice orientations for two-dimensional graphene.
As shown in Figure 1e, GBs can be denoted by pairs of translation vectors (nL, mL) and
(nR, mR) of the left and right crystalline domains. The constructions of GBs along the ZZ
and AM directions are shown in Figures 1c and 1d, respectively. One can see that all GBs
are spaced evenly and the misorientation angles of GBs along the ZZ and AM directions are
27.8◦/21.8◦/13.2◦/9.4◦/8.9◦ and 27.8◦/21.8◦/17.9◦/15.2◦/13.2◦, respectively. Furthermore,
eleven different composite models were considered that included (a) epoxy reinforced with
pristine graphene (referred as Epoxy/GRP); (b–f) epoxy reinforced with graphene contain-
ing GB along the ZZ direction with a misorientation angle of 27.8◦/21.8◦/13.2◦/9.4◦/8.9◦
(referred as Epoxy/ZZ 27.8◦, Epoxy/ZZ 21.8◦, Epoxy/ZZ 13.2◦, Epoxy/ZZ 9.4◦, and
Epoxy/ZZ 8.9◦, respectively); and (g–k) epoxy reinforced with graphene containing GB
along the AM direction with a misorientation angle of 27.8◦/21.8◦/17.9◦/15.2◦/13.2◦ (re-
ferred as Epoxy/AM 27.8◦, Epoxy/AM 21.8◦, Epoxy/AM 17.9◦, Epoxy/AM 15.2◦, and
Epoxy/AM 13.2◦, respectively). This kind of classification and nomenclature has been used
in previous literature [34].

In the modeling process, graphene nanosheets were inserted in the cubical supercell, with
a size of 57 Å × 57 Å × 57 Å, and the monomers and the hardeners were randomly packed
in the available space based on a ratio of 3:1. The density of the uncross-linked composite
was 1.15 g/cm3, which was reported to be an average density for an epoxy [35,36]. Also,
the epoxy/graphene composites contained about 16,734 atoms, including 16,014 atoms of
epoxy and about 720 atoms of either pristine graphene or graphene with GBs (as shown in
Figure 1b).
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Figure 1. Diagram of the epoxy/graphene composite model. (a) Molecular structures of the DGEBA
and TETA molecules (carbon, oxygen, nitride, and hydrogen atoms are shown in gray, red, blue,
and white, respectively); (b) Epoxy/GRP composite system; structures of graphene nanosheets
with (c) the zigzag tilt GBs and (d) the armchair tilt GBs; and (e) diagram of the GB model with
misorientation angle θ (θ = θL + θR) in which GB is formed by two evenly spaced disclinations.

2.2. Simulation Methods

All the MD simulations were performed using the large-scale atomic/molecular
massively parallel simulator (LAMMPS) package [37]. The atomistic interactions within the
composite systems were described by the polymer consistent forcefield (PCFF) [38], which
has been used successfully in previous studies on epoxy composites [33,35,39,40]. The
van der Waals interaction and the Coulombic interactions for the non-bonded part were
calculated with a cutoff distance of 12.5 Å. To avoid the effect of size, periodic boundary
conditions were applied in all three dimensions.

During the analysis, models with cross-linking degrees of around 84% were considered.
The initial uncross-linked models were minimized using the conjugate gradient method
with an energy convergence criterion of 0.0001 kcal mol−1, followed by another 100 ps
equilibration under an isothermal-isobaric (NPT) ensemble at 300 K and 1 atm. Then,
a series of cross-linked reactions were performed using a cross-linking algorithm [39,41].
No atom of the composites was fixed during the cross-linked process. The cross-linked
process mainly involved the following steps: (1) recognize the C atom of the epoxide
and the N atom of the amine groups as reactive atoms; (2) define the initial and final
cross-linked cutoff radius, which are set to be 3.5 to 8.5 Å with an increment of 0.5 Å. The
reaction temperature and the target cross-linked degree were set as 500 K [42] and 100%,
respectively; (3) if the distances of the reaction atoms C and N are within the reaction radius,
the rings of epoxide groups are opened and connect with the N atoms on the hardeners,
removing the hydrogen atom of the amine group to the oxygen atom of epoxide group;
and (4) if there is no unreacted atom within the reaction cutoff radius, the cutoff radius is
increased by steps of 0.5 Å, and the cross-linked structure is optimized and relaxed for the
next reaction. The cross-linking process stops when all the potential reactive atoms within
the cutoff radius are reacted.

After the initial cross-linked models were established, the mechanical properties
of the epoxy/graphene composites were investigated by uniaxial tension and compres-
sion deformation using MD simulations. Three independent samples for each individual
epoxy/graphene model were utilized for statistical analysis to quantify the errors. The
final value of the mechanical properties was the average of three independent results and
the error bars were determined by standard deviation. Before deformation, the initial
cross-linked structures were minimized with the help of the conjugate gradient algo-
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rithm. Subsequently, the systems were relaxed with multi-step equilibration processes
with an isothermal-isochoric (NVT) ensemble at 300 K for 1 ns, NPT (P = 1 atm, T = 300 K)
ensemble for 1ns, and an additional NVT (T = 300 K) ensemble for 1ns. The integration time
step during the equilibration process was set to 0.25 fs. The root–mean–square displace-
ment (RMSD) was examined to confirm the full equilibrium state. After the equilibration
process, a constant uniaxial strain was applied along the x, y, or z directions at a strain rate
of 0.0005 ps−1. The tensile and compressive deformation processes were performed under
an NPT (P = 1 atm, T = 300 K) ensemble with an integration time step of 1 fs. The atomic
stress was calculated using the virial theorem [33,34,43]:

σα
ij =

1
Vα

f
∑

α 	=β

(−mαvαi vαj +
1
2

rαβ
i fαβ

j ) (1)

where Vα
f is the volume of atom α post deformation; mα and vα are the mass and the

velocity of atom α; rαβ
i is the distance between the atom α and atom β in the i direction;

and fαβ
j is the j component of the interatomic force on atom α from atom β.

3. Results and Discussion

3.1. Tensile Behavior of Epoxy/Graphene Composites

In this section, uniaxial tensile tests parallel to the graphene sheets (perpendicu-
lar to the GB lines) and perpendicular to the graphene sheets were performed for all
epoxy/graphene composites to investigate the effect of GBs on the mechanical properties
of epoxy/graphene composites. Because it can directly influence the GB normal strength
for graphene sheets, the stress component perpendicular to GBs can better reflect the effect
of GBs on the properties of graphene [30]. Thus, the stress component perpendicular to
GBs, when the tensile load is parallel to the graphene surface was mainly considered in
this work. The composite tensile response for different types of graphene containing GBs is
plotted in Figure 2. The stress–strain curves show three distinct regions, including the initial
linear response, the yielding, and the strain hardening. The elastic and plastic deformation
stages can be captured from the stress–strain curves to estimate Young’s modulus and
the yield strength of the composites. Young’s modulus is determined from the slope of
the elastic region and the yield strength is determined from the plateau stress, which is
also considered as the yielding state of the materials [44–46]. The mechanical properties
of the epoxy/graphene composites including Young’s modulus and yield strength are
collected in Table 1. From Table 1, one can see that the Young’s modulus of Epoxy/GRP
along the x, y, or z directions is 2.36 GPa, 2.48 GPa, and 2.25 GPa, respectively. The average
Young’s modulus of Epoxy/GRP is 2.36 GPa. Table 2 displays the Young’s modulus of
epoxy/graphene composites obtained from previous experiments or simulations. It can be
seen that the calculated results in this work are within a reasonable range compared with
the existing experimental or simulation results.

Figure 2a presents the stress–strain curves of pristine graphene and graphene with ZZ
types of GB-reinforced epoxy composites with the load direction parallel to the graphene
sheets and perpendicular to the GB lines (along the x axial direction). The result shows that
the existence of GBs along the ZZ direction can either enhance or weaken the tensile yield
strength of epoxy/graphene composites. From Table 1, one can see that, compared with
Epoxy/ZZ GRP, the Epoxy/ZZ 27.8 and Epoxy/ZZ 8.9 configurations weaken the tensile
yield strength of the epoxy/graphene composites, and are about 77.2% and 95.0% that of
Epoxy/ZZ GRP, respectively. However, the other three GB configurations along the ZZ
direction enhance the tensile yield strength of the epoxy/graphene composites. Epoxy/ZZ
9.4 shows the highest tensile yield strength compared with all other ZZ configurations,
and an overall enhancement in tensile yield strength of 10.4% is predicted for Epoxy/ZZ
9.4 as compared to Epoxy/ZZ GRP. Figure 2b shows the stress–strain curves of pristine
graphene and graphene with AM types of GB-reinforced epoxy composites with the load
direction parallel to the graphene sheets and perpendicular to the GB lines (along the y-
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axial direction). The result indicates that, except for the Epoxy/AM 13.2 configuration, the
tensile yield strengths of other GB configurations along the AM direction are higher than
that of Epoxy/AM GRP. Epoxy/AM 21.8 shows the highest tensile yield strength among all
the AM configurations under the tensile load parallel to the graphene sheet, which is about
142.6% of that of Epoxy/AM GRP. The Young’s modulus of pristine graphene and graphene
with GB-reinforced epoxy composites were calculated from the slope of the stress–strain
curve with a strain of up to 3% and are tabulated in Table 1. With the tensile load parallel
to the graphene sheet, the Young’s modulus of Epoxy/ZZ GRP and Epoxy/AM GRP is
calculated to be 2.36 GPa and 2.48 GPa, respectively. Epoxy/AM 13.2 shows the highest
Young’s modulus (2.86 GPa) among all the GB configurations, which is improved by about
15.3% compared with that of Epoxy/AM GRP.

 

Figure 2. Stress–strain response of (a) Epoxy/ZZ systems and (b) Epoxy/AM systems subjected to
a uniaxial tensile load parallel to the graphene sheet and perpendicular to the GB lines; (c) Epoxy/ZZ
systems and (d) Epoxy/AM systems subjected to a uniaxial tensile load perpendicular to the
graphene sheet.

Figures 2c and 2d show the stress–strain curves of the ZZ and AM configurations with
a tensile load perpendicular to the graphene sheets (along the z-axial direction), respectively.
It shows a similar trend with the tensile curves and the load direction parallel to the graphene
sheet. As shown in Table 1, except for Epoxy/AM 15.2, the tensile yield strength of all the
other GB configurations is higher than that of pristine graphene-reinforced epoxy as the tensile
loading is perpendicular to the graphene sheets. In addition, Epoxy/ZZ 9.4 (Epoxy/AM
21.8) shows the highest tensile yield strength among the ZZ (AM) configurations. The tensile
yield strength along the z direction of Epoxy/ZZ 9.4 and Epoxy/AM 21.8 were improved by
about 37.4% and 34.8% compared with the pristine epoxy/graphene composites, respectively.
The results above suggest that Epoxy/ZZ 9.4 and Epoxy/AM 21.8 are considered to be the
superlative configurations, as they showcase the highest yield strength with a tensile direction
parallel or perpendicular to the graphene sheets. As shown in Table 1, under a tensile load
perpendicular to the graphene sheets, the Young’s modulus of Epoxy/GRP is calculated to be
2.25 GPa. Epoxy/ZZ 27.8 and Epoxy/AM 13.2 show the lowest and highest Young’s modulus,
which are about 67.1% and 126.2% of Epoxy/GRP, respectively.

118



Polymers 2023, 15, 3218

T
a

b
le

1
.

M
od

el
pa

ra
m

et
er

s
fo

r
th

e
ep

ox
y/

gr
ap

he
ne

co
m

po
si

te
s

in
cl

ud
in

g
th

e
yi

el
d

st
re

ng
th

,e
la

st
ic

m
od

ul
i(

Yo
un

g’
s

m
od

ul
us

an
d

co
m

pr
es

si
ve

m
od

ul
us

),
gl

as
s

tr
an

si
ti

on
te

m
pe

ra
tu

re
T g

,i
nt

er
ac

ti
on

en
er

gy
,i

nfl
ec

ti
on

an
gl

e
θ

,a
nd

te
ns

ile
st

re
ng

th
of

th
e

gr
ap

he
ne

sh
ee

t.

C
o

n
fi

g
u

ra
ti

o
n

s

P
a

ra
ll

e
l

to
G

ra
p

h
e

n
e

P
e

rp
e

n
d

ic
u

la
r

to
G

ra
p

h
e

n
e

P
a

ra
ll

e
l

to
G

ra
p

h
e

n
e

P
e

rp
e

n
d

ic
u

la
r

to
G

ra
p

h
e

n
e

T g
(K

)
In

te
ra

ct
io

n
E

n
e

rg
y

{K
ca

l/
m

o
l}

In
fl

e
ct

io
n

A
n

g
le

θ

T
e

n
si

le
S

tr
e

n
g

th
o

f
G

ra
p

h
e

n
e

S
h

e
e

t
{G

P
a

}

T
e

n
si

le
Y

ie
ld

S
tr

e
n

g
th

{M
P

a
}

Y
o

u
n

g
’s

M
o

d
u

lu
s

{G
P

a
}

T
e

n
si

le
Y

ie
ld

S
tr

e
n

g
th

{M
P

a
}

Y
o

u
n

g
’s

M
o

d
u

lu
s

{G
P

a
}

C
o

m
p

re
ss

iv
e

Y
ie

ld
S

tr
e

n
g

th
{M

P
a

}

C
o

m
p

re
ss

iv
e

M
o

d
u

lu
s

{G
P

a
}

C
o

m
p

re
ss

iv
e

Y
ie

ld
S

tr
e

n
g

th
{M

P
a

}

C
o

m
p

re
ss

iv
e

M
o

d
u

lu
s

{G
P

a
}

Ep
ox

y/
Z

Z
G

R
P

18
8.

07
±

2.
65

2.
36

±
0.

31
16

0.
56

±
4.

45
2.

25
±

0.
04

29
0.

96
±

4.
29

2.
58

±
0.

06
26

2.
62

±
5.

61
1.

72
±

0.
20

42
2.

8
−1

04
4.

32
14

14
6.

29

Ep
ox

y/
A

M
G

R
P

15
8.

76
±

5.
18

2.
48

±
0.

46
16

0.
56

±
4.

45
2.

25
±

0.
04

25
6.

62
±

2.
13

3.
19

±
0.

23
26

2.
62

±
5.

61
1.

72
±

0.
20

12
6.

67

Ep
ox

y/
Z

Z
27

.8
14

5.
26

±
2.

34
2.

61
±

0.
17

17
4.

32
±

5.
87

1.
51

±
0.

31
24

6.
54

±
3.

31
2.

94
±

0.
11

23
1.

94
±

5.
19

2.
78

±
0.

25
42

3.
7

−9
92

.7
8

20
12

7.
39

Ep
ox

y/
Z

Z
21

.8
19

4.
23

±
6.

40
2.

65
±

0.
19

19
4.

27
±

7.
16

2.
22

±
0.

27
29

6.
85

±
6.

43
3.

15
±

0.
20

31
4.

83
±

3.
18

2.
98

±
0.

43
42

7.
2

−1
02

6.
56

46
13

0.
01

Ep
ox

y/
Z

Z
13

.2
19

1.
81

±
4.

11
1.

90
±

0.
15

17
5.

30
±

6.
98

2.
45

±
0.

35
31

1.
18

±
6.

80
2.

67
±

0.
16

23
9.

75
±

4.
00

2.
76

±
0.

25
43

7.
9

−1
04

1.
51

48
12

2.
04

Ep
ox

y/
Z

Z
9.

4
20

7.
58

±
4.

00
2.

58
±

0.
12

22
0.

62
±

5.
30

2.
23

±
0.

17
32

0.
95

±
4.

16
3.

92
±

0.
27

33
4.

13
±

4.
51

2.
91

±
0.

27
46

2.
1

−1
04

4.
55

41
12

2.
86

Ep
ox

y/
Z

Z
8.

9
17

8.
58

±
2.

51
2.

02
±

0.
06

16
5.

85
±

1.
09

2.
46

±
0.

53
30

0.
74

±
7.

75
3.

39
±

0.
52

28
3.

99
±

5.
32

3.
05

±
0.

14
45

6.
2

−1
01

3.
91

25
11

9.
98

Ep
ox

y/
A

M
27

.8
15

9.
29

±
7.

49
1.

91
±

0.
15

20
9.

47
±

4.
20

1.
88

±
0.

11
27

7.
94

±
4.

54
2.

34
±

0.
14

26
5.

35
±

3.
23

2.
74

±
0.

16
40

9.
9

−1
01

8.
11

15
12

7.
67

Ep
ox

y/
A

M
21

.8
22

6.
47

±
1.

86
2.

45
±

0.
35

21
6.

36
±

3.
86

2.
63

±
0.

30
29

1.
25

±
2.

31
3.

96
±

0.
12

27
2.

67
±

3.
51

3.
47

±
0.

18
42

7.
2

−1
01

7.
33

35
11

8.
96

Ep
ox

y/
A

M
17

.9
16

1.
20

±
2.

78
2.

16
±

0.
09

17
6.

53
±

2.
61

2.
24

±
0.

07
25

9.
33

±
2.

13
2.

25
±

0.
52

27
7.

71
±

1.
35

2.
46

±
0.

17
42

8.
7

−9
98

.0
2

60
10

9.
85

Ep
ox

y/
A

M
15

.2
16

3.
78

±
7.

19
1.

98
±

0.
08

15
4.

14
±

3.
24

1.
99

±
0.

18
25

1.
21

±
6.

74
3.

08
±

0.
42

25
2.

02
±

4.
30

2.
43

±
0.

13
45

5.
6

−1
00

2.
46

52
11

5.
52

Ep
ox

y/
A

M
13

.2
13

5.
91

±
7.

91
2.

86
±

0.
70

18
3.

28
±

3.
79

2.
84

±
0.

36
28

6.
21

±
2.

59
2.

42
±

0.
16

28
2.

26
±

5.
55

3.
76

±
0.

27
45

5.
9

−1
03

8.
25

62
95

.9
3

119



Polymers 2023, 15, 3218

Table 2. Calculated Young’s modulus of epoxy/GRP and the values obtained from previous experi-
ments or simulations.

References Method Young’s Modulus {GPa}

Shen et al. [16] Experiment 2.66
Zakaria et al. [47] Experiment 1.65
Yu et al. [48] MD 3.35
Moeini et al. [49] MD 3.20
This work MD 2.36

To further investigate the mechanism of GBs affecting the tensile mechanical properties
of epoxy/graphene composites, the effect of the misorientation angle, the tensile strength of
graphene sheets, the interaction energy, and the inflection angle on the tensile yield strength
of epoxy/graphene composites with a tensile direction parallel to the graphene sheet were
analyzed. Figure 3a shows the relationship between the misorientation angle of GBs and
the yield strength of the epoxy/graphene composites. Results show that with increasing
misorientation angle, the yield strength shows no obvious trend. This indicates that the
lattice orientation of the GBs in the plane is not the main factor affecting the mechanical
properties of epoxy/graphene composites. In addition, the effect of the tensile strength
of graphene sheets on the yield strength of epoxy/graphene composites was analyzed.
From Figure 3b, one can see that the yield strength of the epoxy/graphene composites
basically increases as the tensile strength of graphene sheets increases. The stronger the
strength of reinforcements, the better the mechanical properties of the composites. However,
the relative scattering suggests that there are other factors affecting the yield strength of
composites besides the strength of graphene sheets.

 

Figure 3. Effect of (a) the misorientation angle of GBs and (b) the tensile strength of graphene sheets
on the tensile yield strength of composites under a uniaxial tensile load parallel to the graphene sheet.

In order to further comprehend the factors affecting the yield strength of epoxy/graphene
composites, the interaction energy between the epoxy matrix and graphene with GBs was
calculated using the following expression [50,51].

ΔE = Etotal − Eepoxy − Egraphene (2)

where Etotal , Eepoxy, and Egraphene represent the total potential energies of the composite sys-
tem, epoxy matrix, and graphene, respectively. The interaction energy between the epoxy
matrix and the graphene is basically in association with the van der Waals interactions.

As shown in Table 1, the interfacial interaction energy affects the tensile yield strength
of composites. However, the configuration with the highest interaction energy does not
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exhibit the strongest tensile yield strength. This can be explained by the fact that the
tensile yield strength of composites is affected by multi-factors simultaneously. The in-
troduction of GBs would induce structural changes in the graphene sheets. The most
obvious phenomenon is the appearance of different degrees of wrinkles on the surface of
the graphene sheet, which results in the change of the three-dimensional conformation
of graphene. Actually, the change of the three-dimensional plane conformation of rein-
forcements has a regular effect on the mechanical properties of composites. The inflection
degree of graphene sheets can be described by the inflection angle θ [52]. Figures 4a and 4b
analyze the synergistic influence of the interaction energy and inflection angle on the yield
strength of composites under a uniaxial tensile load parallel and perpendicular to the
graphene sheet, respectively. With increasing interaction energy and inflection angle, the
yield strength of epoxy/graphene composites increases at first and then decreases. The
highest yield strength of composites occurs in the middle of the analyzed data range, which
indicates that the yield strength is governed by both the interaction energy between the
epoxy matrix and reinforcement and the structural conformation of the reinforcement.
Figures 5a and 5b show the local microstructures of composites containing graphene with
small and large inflection angles, respectively. The introduction of appropriate wrinkles
in graphene surfaces can enhance the mechanical properties of composites because the
wrinkle structure inhibits the movement of epoxy chains. However, when the inflection
degree of a wrinkle increases to a certain degree, the distance between epoxy and graphene
increases, as shown in Figure 5b. This mainly results from the cross-linked structure of
epoxy resin. The epoxy chain cannot move to the areas where graphene has heavy wrinkles,
which further leads to a decrease in the load transfer capability between the epoxy matrix
and the reinforcement. Moreover, the existence of GBs can lead to the redistribution of
stress in the graphene sheet [30], which further affects the load transfer between the epoxy
and graphene. Simultaneously, high-energy sites can be created in graphene-containing
GBs [34]. Different types of GBs can result in different distribution forms of high-energy
sites, inducing changes in the local interaction between epoxy and graphene that may affect
the mechanical properties of epoxy/graphene composites.

 

Figure 4. The influence of the interaction energy and inflection angle on the tensile yield strength of
composites under a uniaxial tensile load (a) parallel to the graphene sheet and (b) perpendicular to
the graphene sheet.

In a word, the tensile yield strength of epoxy/graphene composites is affected by multi-
factors simultaneously, including the tensile strength of the reinforcement, the interaction
energy, and the structure of the reinforcement. The physics behind the enhancement in the
mechanical properties of composites reinforced with graphene is complicated; a balance
exists among these factors leading to a great difference in the tensile yield strength of all
the GBs configurations.
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Figure 5. Schematic view of the composite local microstructures containing graphene with (a) slight
wrinkles and (b) heavy wrinkles (carbon, oxygen, nitride, and hydrogen atoms are shown in gray,
red, blue, and white, respectively).

3.2. Compressive Behavior of Epoxy/Graphene Composites

To further investigate the effect of GBs on the mechanical properties of epoxy/graphene
composites, uniaxial compression along parallel and perpendicular directions to the in-
terface was performed for different configurations of epoxy/graphene composites. The
composite compression responses for pristine graphene and graphene with GB-reinforced
epoxy composites are plotted in Figure 6. Similar to the tensile process, the compressive
stress–strain curves include three distinct regions: the initial linear response, the yielding,
and the strain hardening. The compressive yield strength and the compressive modulus
are reported in Table 1.

 
Figure 6. Stress-strain response of (a) Epoxy/ZZ systems and (b) Epoxy/AM systems subjected
to a uniaxial compressive load parallel to the graphene sheet and perpendicular to the GB lines;
(c) Epoxy/ZZ systems and (d) Epoxy/AM systems subjected to a uniaxial compressive load perpen-
dicular to the graphene sheet.
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A uniaxial compressive simulation for the ZZ and AM configurations was performed
with a compressive load parallel to the interface and perpendicular to the GB lines, as
illustrated in Figures 6a and 6b, respectively. As shown in Figure 6a and Table 1, the
existence of GBs along the ZZ direction significantly affects the compressive mechanical
properties of epoxy/graphene composites. Except for Epoxy/ZZ 27.8, the compressive
yield strengths of the other ZZ configurations are higher than that of the Epoxy/ZZ GRP
composite. Among all the ZZ configurations, the Epoxy/ZZ 9.4 system presents the highest
compressive yield strength (320.95 MPa) and compressive modulus (3.92 GPa), which are
improved by about 10.3% and 51.9% compared with those of Epoxy/ZZ GRP (290.96 MPa
and 2.58 GPa), respectively. As illustrated in Figure 6b, among all the AM configurations,
only the compressive yield strength of Epoxy/AM 15.2 is lower than that of the Epoxy/AM
GRP composite. The compressive yield strength (291.25 MPa) and the compressive modulus
(3.96 GPa) of Epoxy/AM 21.8 are the highest, with about a 13.5% and 24.1% improvement
compared with those of Epoxy/AM GRP (256.62 MPa and 3.19 GPa), respectively.

From Table 1 and Figure 7a, one can see that the compressive yield strength of
epoxy/graphene composites is mainly related to the interfacial interaction energy. With in-
creasing interfacial interaction energy, the compressive yield strength of the epoxy/graphene
composites basically exhibits a rising trend. However, it is interesting to note that some points
deviate significantly from the curve, which indicates that there are other factors affecting
the compressive yield strength of composites besides the interfacial interaction energy. To
further capture the underlying mechanism, the effect of the three-dimensional conforma-
tional changes of graphene sheets on the compressive yield strength of epoxy/graphene
composites was analyzed. Figure 7b shows the relationship between the inflection angle of
GBs and the compressive yield strength of epoxy/graphene composites under a load paral-
lel to the interface. With increasing inflection angle, the compressive yield strength of the
epoxy/graphene composites increases at first and then decreases. The results indicate that
the introduction of appropriate wrinkles in graphene surfaces can increase the resistance to
compression force during the compressive process and further enhance the compressive
yield strength of composites, as it can block the compressive movement of epoxy chains in
a three-dimensional space.

 

Figure 7. Effect of (a) the interaction energy and (b) the inflection angle of graphene sheets on the com-
pressive yield strength of composites under a uniaxial compressive load parallel to graphene sheet.

Figures 6c and 6d show the stress–strain curves for ZZ and AM configurations sub-
jected to a uniaxial compression load perpendicular to the graphene sheet, respectively.
The mechanical parameters are tabulated in Table 1. As shown in Figure 6c and Table 1,
the Epoxy/ZZ 27.8 configuration shows the lowest compressive yield strength, with about
an 11.7% reduction compared with that of Epoxy/ZZ GRP. Epoxy/ZZ 9.4 shows the high-
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est compressive yield strength, with about a 27.2% improvement compared with that of
Epoxy/ZZ GRP. This enhancement is mainly due to the strong interaction energy and appro-
priate inflection angle of Epoxy/ZZ 9.4 which helps in establishing strong mechanical inter-
locking and transferring loads more efficiently. The compressive modulus of Epoxy/ZZ 8.9
is the highest among all the ZZ configurations, which is about a 77.3% improvement com-
pared with that of Epoxy/ZZ GRP. For the AM configurations (see Figure 6d and Table 1),
Epoxy/AM 13.2 possesses the highest compressive yield strength and compressive modu-
lus, with about a 7.5% and 118.6% improvement compared with those of Epoxy/AM GRP,
respectively. Epoxy/AM 15.2 shows the lowest compressive yield strength, with about
4.0% reduction compared with that of Epoxy/AM GRP.

Figures 8a and 8b show a comparison of the tensile and compressive yield strength for
each configuration. The results indicate that the obtained compressive yield strength for all
the models is not equal to the tensile yield strength. In fact, the compressive yield strength
of any epoxy/graphene configuration is significantly higher than its tensile yield strength.
For the superlative configuration, Epoxy/ZZ 9.4, the compressive yield strength is about
54.6% (51.5%) higher than the tensile yield strength with a load parallel (perpendicular) to
the interface. This phenomenon may be mainly caused by the inherent rigid properties of
the epoxy material. Moreover, from Figures 8a and 8b, one can see that a certain degree of
difference exists between the tensile yield strength (or compressive yield strength) parallel
and perpendicular to the interface. For the Epoxy/AM 13.2 configuration, the tensile yield
strength parallel to the interface is 135.91 MPa, which is about 74.2% of that perpendicular
to the interface. For the Epoxy/ZZ 13.2 configuration, the compressive yield strength
perpendicular to the interface is about 77.0% of that parallel to the interface. This indicates
that the tensile and compressive yield strengths are dependent to some extent on the
loading direction, i.e., the capacity of reinforced graphene to alter the mechanical properties
of epoxy is variable in different directions.

 

Figure 8. The yield strength of (a) Epoxy/ZZ systems and (b) Epoxy/AM systems subjected to
a uniaxial tensile (compressive) load parallel and perpendicular to the graphene sheet.

3.3. Glass Transition Temperature of Epoxy/Graphene Composites

To understand the effect of GBs on the thermal stability of epoxy/graphene composites,
Tg was calculated for all models. Note that it is a key thermal property affecting the mechanical
properties, chemorheology, and internal stresses of thermosetting polymers [53–55].

The Tg of all epoxy/graphene composites was determined by measuring the density
of the composites while the NPT equilibration temperature levels gradually decreased
from 600 to 300 K in increments of 20 K. During the cooling process, the structures were
equilibrated for 500 ps under NPT ensemble (P = 1 atm) at each temperature with a density

124



Polymers 2023, 15, 3218

tolerance of 0.02 g/cm3. After fitting the data with a straight line, the value of Tg could
be obtained by searching for the intersection point of the density–temperature curves. In
addition, the epoxy composite goes through a transition from a rubbery state, which is
identified with a large slope, to a glassy state, which is identified with a small slope, during
the cooling process [56].

Figures 9a and 9b show the density-temperature curves for the ZZ and AM configura-
tions, respectively. The values of Tg calculated by density-temperature curves are tabulated
in Table 1. The Tg of pristine graphene-reinforced epoxy composite is about 422.8 K, which
is in good agreement with the value of 418.0 K from previous results [56]. Additionally, it is
noteworthy that graphene sheets with GBs along the ZZ direction are better than pristine
graphene sheets at improving the Tg of epoxy composites. The Tg of Epoxy/ZZ 8.9 and
Epoxy/ZZ 9.4 are shown to be 456.2 K and 462.1 K, which are about a 7.9% and 9.3%
improvement compared with that of epoxy/ZZ GRP, respectively. From Figure 9b and
Table 1, one can see that, except for Epoxy/AM 27.8, the Tg of the other AM configurations
is higher than that of Epoxy/AM GRP. The Tg of Epoxy/AM 13.2 and Epoxy/AM 15.2 are
shown to be 455.9 K and 455.6 K, which are about 33.1 K and 32.8 K higher than that of
Epoxy/AM GRP, respectively.

 

Figure 9. The density-temperature relationship of (a) Epoxy/ZZ systems and (b) Epoxy/AM systems.

The improvement of Tg in pristine graphene and graphene containing GB reinforced
epoxy composites is mainly related to the excellent interfacial interaction and the inflection
degree of the wrinkles in graphene sheets. The strong interfacial interaction between
the epoxy matrix and reinforcement can help to restrict the translational and rotational
movements of epoxy chains during volume expansion. Moreover, the wrinkle structure of
graphene with GBs increases the surface roughness, which is also conducive to blocking
the slippage of epoxy chains. It also allows the composites to be heated evenly, avoiding
heat concentration in the materials. However, the heavy wrinkle structure weakens the
interfacial interaction energy to a certain degree, which creates a complex balance in
influencing the Tg of the epoxy/graphene composites. The Tg of Epoxy/AM 27.8 is
lower than that of epoxy/AM GRP, which is mainly due to its relatively weak interfacial
interaction (−1018.11 Kcal/mol) and the low inflection angle of the graphene sheet (about
15◦). The higher Tg of Epoxy/ZZ 9.4 is related to its relatively strong interfacial interaction
(−1044.55 Kcal/mol) and the appropriate inflection angle of the graphene sheet (about
41◦). The improvement in Tg indicates that the epoxy/graphene composites need a higher
temperature to change from a glassy state to a rubbery state and that the strength of
epoxy/graphene composites can remain stable at a higher temperature.
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4. Conclusions

In summary, the effect of pristine graphene and graphene with GBs on the mechanical
properties of epoxy composites was investigated using MD simulations. The results show
that the yield strength, elastic moduli (Young’s modulus and compressive modulus), and
Tg of epoxy/graphene composites are significantly affected by GBs. When the tensile load
is parallel to the graphene sheet and perpendicular to the GB lines, the existence of GBs can
either enhance or weaken the tensile yield strength of epoxy/graphene composites. The
Epoxy/ZZ 9.4 and Epoxy/AM 21.8 configurations present stronger tensile yield strengths,
which are considered to be superlative configurations. Multiple factors affect the tensile
yield strength of epoxy/graphene composites, including the tensile strength of the rein-
forcement, the interfacial interaction energy, and the inflection degree of reinforcement.
There is a complex balance of these influencing factors which leads to the difference in
the tensile yield strength of all the GB configurations. The compressive yield strength
for all GB configurations is stronger than the tensile yield strength, and diversity exists
for the tensile (compressive) yield strength due to different loading directions. Graphene-
containing GB-reinforced epoxy composites obtain a higher Tg compared with pristine
graphene-reinforced epoxy. The enhancement mechanism can be attributed to the excellent
interfacial interaction and appropriate inflection degree of wrinkles in the graphene sheets
with GBs. This work will shed light, from the molecular level, on the material design for
epoxy composites containing defective reinforcements for practical applications.
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Abstract: The concept of the circular economy has emerged as a promising solution to address the
mounting concerns surrounding plastic waste and the urgent need for sustainable resource man-
agement. While conventional centralized recycling remains a common practice for plastic waste,
centralized facilities may prove inadequate in handling the ever-increasing volumes of plastic waste
generated globally. Consequently, exploring alternative recycling methods, such as distributed re-
cycling by additive manufacturing, becomes paramount. This innovative approach encompasses
actively involving communities in recycling practices and promotes a circular economy. This com-
prehensive review paper aims to explore the critical aspects necessary to realize the potential of
distributed recycling by additive manufacturing. In this paper, our focus lies on proposing schemes
that leverage existing literature to harness the potential of distributed recycling by additive manu-
facturing as an effective approach to plastic waste management. We explore the intricacies of the
recycling process, optimize 3D printing parameters, address potential challenges, and evaluate the
mechanical properties of recycled materials. Our investigation draws heavily from the literature of
the last five years, as we conduct a thorough critical assessment of DRAM implementation and its
influence on the properties of 3D printing structures. Through comprehensive analysis, we reveal
the potential of recycled materials in delivering functional components, with insights into their
performance, strengths, and weaknesses. This review serves as a comprehensive guide for those
interested in embracing distributed recycling by additive manufacturing as a transformative approach
to plastic recycling. By fostering community engagement, optimizing 3D printing processes, and
incorporating suitable additives, it is possible to collectively contribute to a more sustainable future
while combatting the plastic waste crisis. As progress is made, it becomes essential to further delve
into the complexities of material behavior, recycling techniques, and the long-term durability of
recycled 3D printed components. By addressing these challenges head-on, it is feasible to refine and
advance distributed recycling by additive manufacturing as a viable pathway to minimize plastic
waste, fostering a circular economy and cultivating a cleaner planet for generations to come.

Keywords: thermoplastics; mechanical recycling; circular economy; distributed recycling; additive
manufacturing

1. Introduction

The utilization of plastic materials in various structural and non-structural applications
has witnessed significant growth over the past 70 years, attracting interest across multiple
industries. However, a major concern arises from the fact that most plastic produced in the
last 60 years is not biodegradable and, consequently, can take decades to decompose [1–3].
With a staggering 86% of plastic ending up in landfills [4], a substantial volume of plastic
waste has accumulated over the last few decades, resulting in waste-management issues as
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well as the environmental crises of microplastics in marine environments and microplastic
ingestion by humans and animals [5,6]. One key issue contributing to this problem is the
prevalence of plastics intended to be discarded after a single use. Instead of single-use,
plastics could be given new life through recycling to make use of the embodied energy
already spent in production and distribution of the plastic [7,8]. Therefore, it becomes
crucial for designers to consider in their material selection and product design, the recycling
of the material for use in applications different from the initial application. As a note to
the reader, it is important to clarify that in this manuscript, the terms “thermoplastics” and
“plastics” will be used interchangeably to refer only to the polymers that can be reprocessed
by melting.

Plastic waste poses significant challenges for effective recycling. Plastic materials
constitute a substantial portion, approximately 12.9%, of total US municipal solid waste [9].
Unlike metals, which are relatively easier to recycle, plastic waste presents unique diffi-
culties. The production of plastic materials encompasses a wide range of applications,
with packaging and single-use products accounting for approximately 50% of its usage. In
contrast, only a modest proportion, between 20% and 25%, of produced plastics are em-
ployed in long-term infrastructure, primarily in the construction and building sectors. The
remaining plastic production caters to intermediate lifespan products including electrical
and electronic goods, furniture, vehicles, and agriculture [2,10,11]. Plastic production is
distributed across various types of polymers: polyethylene (PE)-based products constitute
24% of plastic production, followed by polypropylene (PP) products at 16.6%, polyvinyl
chloride (PVC) products at 11.4%, polyurethane (PU) products at 5.5%, polystyrene (PS)
products at 6.1%, and polyethylene terephthalate (PET) products at 5.3% [12]. The combina-
tion of different polymers and the potential contamination by food particles, metal, paper,
pigment, and ink further complicates the recycling of polymers. The challenges in plastic
recycling are exacerbated by a shortage of collection and sorting facilities, the difficulty in
effectively sorting different types of plastic, and the high cost associated with collecting and
processing plastic waste. The higher costs associated with plastic recycling act as a deterrent
for manufacturers and investors alike. This issue presents a significant barrier that hinders
the widespread adoption of plastic recycling initiatives. Recycling and remanufacturing
plastic can save between 30% to 80% of carbon emissions compared to processing and
manufacturing of virgin plastics [13]. As governments implement carbon pricing, the eco-
nomics of plastic recycling will improve compared to virgin plastic production. To enhance
the quality of recycled polymers and increase their economic viability as alternatives to
virgin materials, significant investment in recycling technologies is necessary.

The degradation rates of polymers are significantly influenced by environmental
factors such as ultraviolet light, oxygen, and temperature. These environmental influences
pose challenges to recycling efforts and contribute to the overall decrease in the quality of
recycled plastic material. Compared to their non-recycled counterparts, recycled plastics
often exhibit lower quality, characterized by color variation and decreased strength. These
quality issues pose barriers to their utilization in the manufacturing sector, as they may
be less appealing to manufacturers and hinder their incorporation into new products [2].
The compromised quality of recycled plastics necessitates further attention and research
to address these limitations and enhance the desirability and applicability of recycled
materials in various industries.

Plastic recycling encompasses various methods, classified into four categories: pri-
mary recycling, secondary recycling, tertiary recycling, and quaternary recycling. Each
category involves distinct processes and objectives. Primary recycling, also known as
closed-loop recycling, entails mechanically reprocessing plastic scrap to produce a product
with properties equal to those of the original material. Secondary recycling, referred to
as downgrading recycling, involves mechanically reprocessing plastic scrap to produce
a product with altered properties. Tertiary recycling focuses on the recovery of chemical
constituents from plastic scrap, while quaternary recycling harnesses the energy content
of scrap plastic to generate steam and electricity [2]. Mechanical recycling is used in both
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primary and secondary recycling. While most thermoplastics, including PET, PE, and PP,
have high potential for mechanical recycling, thermosets such as unsaturated polyester
and epoxy resin cannot be mechanically recycled due to their molecular structure. The
varying processing requirements and molecular incompatibility of different plastic types
present challenges in the production of recycled plastic from plastic waste. The mechanical
recycling process comprises several key stages, including collection, sorting, cleaning, size
reduction, and compatibilization or separation. Typically, these stages occur at centralized
recycling facilities strategically located near industrial areas or urban centers. These large-
scale recycling centers are equipped with specialized machinery and technologies capable
of handling significant volumes of plastic waste, enabling efficient processing.

However, despite the existing infrastructure and centralized recycling facilities, the
traditional recycling model faces certain challenges that limit its effectiveness. These
challenges include the scarcity of collection and sorting facilities, difficulties in separat-
ing different plastic types, and the high costs associated with collecting and processing
plastic waste. Furthermore, the low weight-to-volume ratio of plastic waste exacerbates
the economic feasibility of the traditional recycling process. As an illustration, Craighill
and Powell [14] highlight that PET plastics generated in Britain are often exported to
centralized recycling facilities in the Netherlands and Ireland for recycling, reflecting the
challenges posed by transporting lightweight plastic waste over long distances. The re-
liance on centralized facilities and the associated logistics of transporting waste materials
from individual consumers to recycling centers and back to manufacturers are increasingly
considered impractical and environmentally burdensome. Despite comprising less than
5 percent of the worldwide population in 2016, North America was responsible for pro-
ducing 14 percent of the planet’s total waste, amounting to 289 million tons, translating
to a daily rate of 2.21 kg per person. The high collection rate of waste in North America,
at 99.7 percent, is attributed to sufficient funding for waste management. Nevertheless,
12 percent of this waste is incinerated, over half ends up in landfills, and only about
one-third is subjected to recycling. Part of this challenge is not solely driven by costs but
rather by the complexities within the logistics network [15]. To establish an efficient and
sustainable plastic recycling ecosystem, it is imperative to adopt a comprehensive approach
that integrates localized recycling solutions alongside centralized facilities. This approach
aims to reduce the reliance on new resources and minimize waste production, while si-
multaneously improving energy efficiency and promoting environmental sustainability.
These objectives align with the principles of a circular economy, which seeks to protect
the environment, foster social justice, and encourage sustainable economic growth. By
embracing a comprehensive approach, the plastic recycling ecosystem can transition from a
linear model to a circular one, in which materials are kept in use for as long as possible and
waste is minimized. Further, this transformation requires localized recycling solutions that
are close to the point of waste generation to reduce the need for extensive transportation
and logistics. The integration of localized recycling into the existing network of centralized
facilities offers the potential to create a more resilient and adaptable system that is respon-
sive to the unique needs of different communities and regions. A promising localized
approach that promotes resource efficiency, minimizes environmental impacts, and fosters
a more sustainable and inclusive future for plastic recycling is the concept of distributed
recycling, illustrated in Figure 1. Figure 1 presents two distinct recycling models. The
first model represents the existing centralized recycling facilities, wherein plastic waste is
collected from across a large area and transported to a central facility for processing. While
this model has been effective to date, it faces limitations from transportation costs and
the commensurate energy expended and carbon emissions. In contrast, the second model
shows distributed recycling. Operating on a smaller scale, this system runs in parallel with
the established centralized system, contributing to a more decentralized and locally driven
recycling process. In this distributed model, recycling takes place closer to the source of
waste generation, reducing the need for extensive transportation and allowing for greater
community involvement.
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Figure 1. Comparing Centralized Recycling to Distributed Recycling by Additive Manufacturing.

Defining the circular economy in precise terms can be challenging due to the many
facets of the concept [16,17]. However, at its core, the circular economy seeks to provide an
alternative to the linear economic model, which is inherently unsustainable. The circular
economy prioritizes the circularity of resource flow and aims to prevent the loss of materials
from the system [18]. While recycling is often associated with circularity efforts, it is just one
aspect of the broader circular economy framework. The circular economy takes a systemic
approach that integrates economic, environmental, and social sustainability principles.
It aims to maintain the highest value of products and materials within the system for as
long as possible, reduce reliance on non-renewable resources, minimize waste generation
from the outset, and prevent contamination, toxicity, and pollution. Unlike traditional
recycling, which primarily focuses on mitigating environmental damage and pollution, the
circular economy aims to address the underlying causes of environmental degradation [19].
To achieve a more sustainable and effective approach to plastic recycling, it is crucial to
prioritize local or regional solutions over the global waste trade. This entails implementing
circularity strategies that limit the geographic reach of end-of-life plastic products. By
doing so, the negative environmental impacts associated with long-distance transportation
of plastic waste can be minimized. Additionally, this approach fosters the development of
robust and transparent local recycling systems that are better equipped to meet the unique
needs of individual communities [20]. Embracing the principles of the circular economy in
the context of plastic recycling can lead to substantial benefits. It decreases the dependence
on virgin resources, reduces waste generation, promotes resource efficiency, and contributes
to the creation of a more sustainable and resilient recycling ecosystem. By prioritizing local
solutions and integrating circularity strategies, it is achievable to strive towards a future
in which plastic waste is minimized, and materials are continually circulated within the
economy, aligning with the principles of environmental preservation and social well-being.

A promising development in polymer recycling involves the integration of additive
manufacturing facilities with relatively smaller-sized plastic extruders [21]. Additive manu-
facturing, commonly known as 3D printing, is a transformative technology that constructs
structures layer by layer to create three-dimensional objects. This process has gained
significant attention for its ability to create complex structures with high precision and
customization. In the context of plastic recycling, additive manufacturing can be integrated
with recycling processes, giving rise to a novel approach known as distributed recycling
by additive manufacturing (DRAM). DRAM represents a paradigm shift in traditional
recycling practices by combining the benefits of additive manufacturing with recycling prin-
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ciples, offering the potential to make recycling more accessible and participatory. DRAM
enables decentralized recycling schemes that operate closer to the point of use, offering
numerous advantages over centralized recycling systems. One key advantage of DRAM
is the elimination of the need to manage and operate a centralized system with physical
inventories, along with the associated transportation costs of shipping waste to a central
recycling facility. By enabling recycling to occur locally, DRAM simplifies supply chain sys-
tems and logistics [21,22]. Moreover, the integration of additive manufacturing in DRAM
opens up possibilities for producing complex structures, enabling innovative approaches to
open-loop recycling [23]. This integration facilitates the engagement of a broader commu-
nity in the recycling process, resulting in a larger volume of waste being reutilized. While
the distributed recycling initiative remains a dynamic project with its exact metrics yet to
be fully determined, it surely complements and addresses the shortcomings of a central-
ized system aimed at achieving economies of scale and harnessing advanced technology.
In conjunction with the existing approach, this scheme fosters community involvement,
minimizes transportation needs, and fortifies the resilience of the recycling system against
potential disruptions.

The practice of open-loop recycling plays a crucial role in maintaining resource flow
and advancing the establishment of a circular economy [7]. Utilizing recycled plastic waste
as 3D printing materials is an option that is financially viable and easily achievable. As
a consequence, the cost of 3D printing materials will decrease, and the wide adoption of
this recycling practice has a ripple effect on reducing the prices of 3D printers themselves.
Recent years have seen a significant decline in the prices of 3D printers, providing clear
evidence of the cost reduction associated with their widespread use. In 2014, a typical
consumer-grade 3D printer cost approximately $1000. However, just two years later, in
2016, due to a remarkable compound annual growth rate of 30%, equivalent to a billion-
dollar increase each year, the average price of budget-friendly 3D printers plummeted to
less than $400 [24,25]. At present, affordable 3D printers designed for home use, while
possibly lacking certain advanced features such as enhanced printing precision sensors
and automation, are ideally suited for recycling purposes and are available within the
price range of $100 to $400. It is reasonable to assume that an increased demand for 3D
printers, driven in part by recycling efforts, could further contribute to reducing their prices.
This substantial decrease in price effectively eliminates barriers for using 3D printing
technology, making it accessible to a broader audience, including individuals, businesses,
schools, community centers, and households. These communities are becoming essential
participants in the effort to incorporate recycled waste into their printing materials [26].
Moreover, sectors such as the military can benefit from 3D printing by reducing their
dependence on complex supply chains and avoiding operational delays. The US military,
for instance, has shown interest in using recycled plastic bottles collected in camps to
create replacement supplies for soldiers on the battlefield, providing a sustainable and
conservation-focused alternative [27].

The integration of additive manufacturing and distributed recycling not only offers
environmental benefits but also fosters local empowerment and engagement in the recy-
cling system. By decentralizing the recycling process and involving a broader range of
stakeholders, it is possible to unlock the potential for increased waste reutilization, resource
conservation, and the establishment of a more circular economy.

However, achieving high-quality structures with 3D printing requires tuning process
settings [28]. Factors such as wall thickness, infill density, and temperature control play
crucial roles in determining the strength and durability of the printed parts. Moreover, the
polymeric waste used for recycling often undergoes various forms of degradation, including
contamination, exposure to environmental elements, and the application of shear forces
and high temperatures, which can significantly affect the quality of the recycled materials.
Therefore, it is imperative to conduct further research to comprehensively understand the
mechanical properties of recycled thermoplastic polymers when employed in additive
manufacturing [29]. This knowledge can inform the development of guidelines and best
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practices for 3D printing with recycled materials, ensuring that the resulting structures meet
necessary quality standards. By educating local communities on the use of 3D printing
in recycling and fostering their active involvement in the process, it is possible to create
a more inclusive and sustainable recycling ecosystem. Empowering communities with
knowledge and skills related to additive manufacturing and recycled materials will not
only drive local economic development but also contribute to global efforts in promoting
environmental sustainability. Through collaborative efforts and informed practices, there is
potential to harness the potential of 3D printing in recycling to advance towards a more
resource-efficient and environmentally conscious future.

To gain a broader understanding of the existing body of research on plastic recycling,
Table 1 offers a comprehensive summary of published review articles that have extensively
explored this topic. Additionally, it highlights the key findings and conclusions derived
from these previous reviews. Previous research has explored the integration of 3D printing
in plastic recycling, considering various approaches and examining economic and envi-
ronmental aspects. However, these studies have only provided a cursory overview of the
challenges and opportunities associated with this method. Conversely, other research has
focused on the broader challenges of recycling without specifically addressing 3D printing.
To fully understand and integrate 3D printing as a complementary approach within the
circular economy of plastics, a comprehensive investigation of the distinct challenges and
opportunities of 3D printing recycling is necessary. Given the limited available sources on
this topic, this review paper aims to bridge this knowledge gap by discussing the current
challenges and insights from other mechanical recycling methods. It then delves into a
more detailed examination of 3D printing recycling. Furthermore, the paper intends to
explore the mechanical properties of recycled polymers by drawing upon existing literature
on 3D printing and injection molding. This comprehensive approach will enhance our
understanding of these properties and enable the identification of necessary conditions
for successful 3D printing recycling experiments. To achieve these goals, the paper is
structured as follows: Section 2 addresses the challenges encountered throughout the
multiple stages of recycling commonly conducted in centralized facilities. This discus-
sion provides an understanding of the existing obstacles in traditional recycling practices.
Section 3 introduces the concept of 3D printing and distributed recycling within the context
of the circular economy, establishing a connection between the challenges outlined in the
previous section and the potential issues that may arise in this alternative approach. By
exploring the implications of adopting 3D printing for distributed recycling, it is possible to
identify how it addresses or introduces new challenges in the recycling process. Section 4
examines potential strategies to enhance the mechanical properties of recycled polymers.
While previous research has predominantly focused on such improvements in relation to
injection molding, this exploration opens new avenues for investigating chemicals and
agents specifically applicable to 3D printing recycling. Finally, the paper concludes with a
summary that outlines the research areas that should be prioritized to effectively imple-
ment 3D printing recycling in the circular economy of plastics, emphasizing the need for
further investigation and development. By following this structured approach, this review
paper aims to provide a comprehensive understanding of the challenges, opportunities,
and potential improvements in 3D printing recycling. It serves as a foundation for future
research and development, guiding efforts to advance the integration of 3D printing in the
circular economy of plastics.
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Table 1. Comprehensive Summary of Published Review Articles.

Study Title Aim/Objective Comments/Key Findings Reference

Mechanical recycling of
packaging plastics: A review.

This review summarizes current
methods and challenges in

mechanically recycling five main
packaging plastics. It also discusses

ways to improve polymer blending in
mixed plastic waste streams and uses

for lower quality recyclate.

Across the five common types of plastic,
changes in polymer chain length and

mechanical properties remain a
persistent challenge despite differences

in the degradation mechanisms.

[30]

Recycling of waste from
polymer materials: An overview

of the recent works.

This study involves comparing the
mechanical and chemical recycling

techniques for various types of plastics,
as well as analyzing the properties of

polymers that have been
mechanically recycled.

Mechanical recycling is the preferred
and commonly used method of
recycling compared to chemical

recycling, which involves complex
chemical treatments of the waste.

[31]

Mechanical recycling:
Compatibilization of mixed

thermoplastic wastes.

Approaches employed to achieve
compatibility in blends of various

thermoplastic waste.

Mechanical recycling of mixed plastic
wastes can be viable if their properties

are enhanced through
compatibilization, but the stability
behavior of the resulting materials

must be considered before they can be
utilized in the production of

new goods.

[32]

Mechanical recycling of
polylactide, upgrading trends

and combination of
valorization techniques.

This report provides an overview of the
current state of mechanical recycling
for PLA, with particular focus on a

multi-scale comparison of
various studies.

Out of all the recovery methods,
mechanical recycling is the most

cost-effective approach for PLA, but the
recycled materials are typically used for

lower-value applications due to
inherent

thermo-mechanical degradation.

[33]

Quality concepts for the
improved use of recycled

polymeric materials: A review.

This review explores new methods of
mechanically recycling plastics to
produce quality materials from

waste streams.

Introducing a quality standard is
crucial in plastic recycling. The biggest

obstacle is finding a way to merge
scientific understanding of the

degradation and quality properties of
recyclates with the design of an

efficient upgrading process for each
waste stream.

[34]

Mechanical and chemical
recycling of solid plastic waste.

The current methods of polymer
recycling, encompassing both

mechanical and chemical recycling, are
thoroughly described in this review.

Mechanical and chemical recycling are
promising industrial techniques that
can complement each other in closing

the polymer loop.

[35]

Polymer recycling in additive
manufacturing: An opportunity

for the circular economy.

This short review focuses on the
circular economy of materials and the

recycling methods utilized in the
polymer additive

manufacturing process.

The development of recycled
composites thorough fused deposition
modeling (FDM) can lead to increased

strength compared to that of the
printed recycled polymer.

[36]

3D printing filament as a second
life of waste plastics a review.

The main objective of this paper is to
examine the existing literature
concerning the use of recycled

polymers in filament production for 3D
printing, as an alternative to the current

method of central selective
plastic collection.

Traditional recycling methods have
involved the use of large, centralized

plants that produce low-value
commodities, which results in high
transportation costs. However, 3D

printing presents new opportunities
for recycling.

[37]
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Table 1. Cont.

Study Title Aim/Objective Comments/Key Findings Reference

Plastic recycling in additive
manufacturing: A systematic

literature review and
opportunities for the

circular economy.

The focus of this study is to explore key
themes within the six stages (recovery,
preparation, compounding, feedstock,

printing, and quality) of the distributed
recycling by additive manufacturing

chain proposed.

Limited efforts have been made
regarding the recovery and preparation

stages, whereas significant
advancements have been made in the

other stages to assess the technical
feasibility, environmental impact, and

economic viability.

[21]

Plastics recycling: challenges
and opportunities.

The challenges that may arise during
various stages of the recycling process
were discussed, along with potential

opportunities for enhancing
recycling efforts.

Expanding the scope of recycling to
include post-consumer plastic

packaging, as well as waste plastics
from consumer goods and end-of-life

vehicles, can enhance the recovery rates
of plastic waste and reduce the amount

that ends up in landfills.

[2]

Fused deposition modelling
approach using 3D printing and
recycled industrial materials for

a sustainable environment:
a review.

This paper examines the sustainability
of extrusion-based 3D printing

materials, with a particular emphasis
on the potential use of reusable and

biodegradable materials.

Desktop 3D printing has the potential
to advance plastic recycling through

3D printing.
[38]

2. Plastic Mechanical Recycling: Processes and Challenges

Mechanical recycling is a multi-step process that involves several key stages, including
collection, sorting, cleaning, shredding, and compatibilization or separation. However,
the ease of recycling varies depending on the types of plastic, with some posing greater
challenges than others. While closed-loop recycling is theoretically possible for most ther-
moplastics, practical implementation presents financial and technical difficulties. The
complexities arising from different processing requirements and molecular incompatibil-
ities between plastic types make the production of recycled resins from plastic waste a
complex task. Despite these challenges, mechanical recycling plays a vital role in waste
management by conserving natural resources, reducing greenhouse gas emissions, and
diverting waste from landfills. To enhance the effectiveness of mechanical recycling, ongo-
ing research and development efforts focus on developing new technologies, improving
sorting methods, and enhancing compatibility among different plastic types. Furthermore,
consumer education and the implementation of effective recycling programs and policies
are crucial to advancing mechanical recycling efforts.

Mechanical recycling encompasses both primary and secondary recycling approaches.
Closed-loop recycling, also known as primary recycling, involves the repurposing of post-
consumer plastic materials, such as industrial parts or single-use plastic, to create new
products with similar properties. This recycling process aims to achieve a closed loop,
where the recovered material is reintroduced into its original application, maintaining
a circular flow of resources (e.g., recycling post-consumer PET bottles into new bottles).
However, closed-loop recycling isn’t extensively embraced by recyclers due to the need
for partially clean scrap plastics. On the other hand, secondary recycling focuses on the
mechanical reprocessing of more complex or contaminated plastics than those encountered
in closed-loop recycling. The resulting recovered plastic is typically used in products with
lower performance requirements compared to the original application. These products do
not need to meet the same stringent standards or undergo the same level of usage as those
made from virgin materials.

Mechanical recycling presents significant challenges at various stages, demanding
effective collection, efficient sorting, and a thorough understanding of properties and
behavior of diverse plastic types. The presence of contaminants or different types of
plastics, especially in multi-layer plastics, further complicate sorting and reprocessing.
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Hence, there is an urgent need to tackle these challenges by increasing recycling efficiency
and recycled end-product quality. Figure 2 illustrates the stages involved in standard
recycling procedures. Table 2 provides a comprehensive overview of recent studies (within
the past 5 years) that investigated the various stages of plastic recycling, with a specific
emphasis on the challenges encountered at each stage.

Figure 2. Stages of Plastic Mechanical Recycling Process.

Table 2. Recent Studies Investigating the Stages and Challenges of Plastic Recycling.

Recycling Stages

Management and Logistics

Waste Management [39–48]

Collection [49,50]

Supply Chain Modelling [51–57]

Mechanical Sorting

Sink-Float [58–62]

Froth Flotation [63–71]

Spectroscopy [72–79]

Magnetic Density
Separation [80,81]

Shredding Design and Modelling [82–87]

2.1. Waste Collection and Sorting for Recycling

The initial stage of the mechanical recycling process involves the collection of post-
consumer materials from households, commercial establishments, and institutions. Ef-
fective management of plastic waste requires tailored waste collection methods based on
different types of waste and population densities [88]. In densely populated areas where
a significant volume of waste is generated, daily household waste collection using spe-
cialized vehicles has proven to be an effective method [89]. These vehicles are equipped
with specialized equipment to collect, compact, and transport waste to designated waste
management facilities. This approach is particularly suitable for densely populated areas
where waste accumulates rapidly. Conversely, in areas with lower population densities,
cost-effective solutions involve placing bins in the locality that are emptied regularly. This
method is suitable for areas where the waste volume does not justify daily waste collec-
tion using vehicles. Drop-off recycling is another effective method for managing plastic
waste [90]. It involves providing large bins or machines in easily accessible areas such
as community centers or nearby residential areas. Residents can conveniently drop off
their plastic waste into the designated bins. This method works well for recycling specific
types of plastic waste, such as bottles or packaging. Buy-back centers offer fixed or mobile
options for exchanging waste for useful items. These centers incentivize residents to recycle
their plastic waste by providing rewards in the form of useful items, household goods,
or vouchers for local stores [91]. This approach encourages community participation in
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recycling efforts. Another noteworthy collection method is the deposit or refund system,
where waste packaging can be returned for recycling in exchange for credits, cash, or tax
returns. This method provides residents with financial incentives to recycle their plastic
waste and is particularly effective in countries with low recycling rates, as it offers tangible
benefits that encourage participation. By employing diverse collection methods tailored
to specific contexts, communities can enhance waste management and recycling practices,
promoting a more sustainable approach to plastic waste.

The last two methods of plastic waste collection mentioned above rely on provid-
ing incentives to individuals, recognizing the significant obstacle of raising community
awareness and motivation. Insufficient knowledge on proper plastic waste sorting further
compounds this challenge, stemming from a lack of clear guidance and readily available
information on recyclable plastics. Moreover, the process of sorting plastic waste can be
time-consuming and inconvenient, discouraging individuals from engaging in proper
waste sorting practices. Additionally, the lack of infrastructure for managing plastic waste
presents a significant obstacle in numerous countries worldwide, particularly those in
developing regions. In these areas, the collection and disposal of plastic waste is further
complicated by weak policies and a shortage of resources [92].

Following the waste collection process, the next crucial step in the recycling process
is the “End-of-Waste” phase [35], where waste materials are transformed into new raw
materials before being reprocessed into new products. The initial stage of this phase
involves the separation and categorization of recyclable materials, which is particularly
important due to the immiscibility of thermoplastic polymers, causing different plastic
types to be incompatible with one another [2]. Sorting plastics is a critical step in the
recycling process and requires various complementary methods. One such method is
manual sorting, where skilled operators sort materials according to their type. Despite
its high effectiveness, the manual approach can be expensive. Several density separation
methods are employed in sorting, including float–sink separation. This technique involves
using water to float shredded flakes of polymers with densities below 1 g/cm3, allowing for
their separation. Froth flotation is a particle separation technique based on differences in
surface properties. The process includes introducing bubbles into a mixture of particles and
water, where specific particles adhere to the bubbles and ascend to the surface, resulting in
the formation of a froth layer. Optical sorting of plastics relies on the use of lasers, cameras,
and sensors to identify and sort plastics based on their physical properties, such as color,
transparency, and reflectivity. X-ray technology is also utilized to sort plastics based on their
elemental composition, which is particularly useful for identifying and separating PVC
containers due to their high chlorine content [35,93,94]. However, this method may not be
suitable for sorting large quantities of plastic, as it can lead to potential misclassification.
Spectroscopy is commonly employed for sorting bottles in commercial industries, but has
limitations when used for sorting other plastic products. This is due to the incompatibility
of the radiation technologies used to identify the plastic’s chemical structure. For instance,
durable goods such as automobiles and appliances exhibit significant variations in shape,
size, and thickness, making it challenging to find a suitable orientation that accurately
identifies the plastic and transmits the energy through its thick walls [95].

The presence of certain additives, pigments, and reinforcements in plastic products
further complicates the sorting process. Carbon black pigments, for example, can block
spectroscopic scanning and reduce the efficiency of sorting [96]. Black plastics have been
identified as a hindrance to efficient sorting [97,98]. Additionally, reclaimers have reported
that other colors of plastics can result in up to 35% of plastics being classified incorrectly.
Furthermore, the variety of additives in durable products, such as automobiles and ap-
pliances, increases the complexity of sorting and reduces the accuracy of identification
systems. Moreover, sorting contaminated waste presents an added layer of difficulty, not
only due to its detrimental impact on the material’s properties but, more importantly,
because of the health hazards it poses.
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Addressing chemical contamination is crucial for achieving high-quality recycled
plastics. Strategies such as improved sorting and separation techniques, proper cleaning
methods, and careful consideration of plastic compatibility during recycling can signifi-
cantly mitigate the adverse effects of chemical contamination. By focusing on these aspects,
it is feasible to foster the development of a more sustainable and effective plastic recy-
cling process.

Chemical contamination poses a significant threat to the microstructural and chemical
properties of post-consumer plastics. The quality of plastics can vary depending on their
specific applications and intended uses [99]. Plastics used in food packaging, for example,
are subject to stringent regulations regarding their chemical composition and the potential
release of harmful substances. Conversely, plastics not utilized in the food industry may
contain a range of chemical additives in varying concentrations. Moreover, unintended
substances, such as residues from catalysts or metal impurities from non-metal additives,
can be introduced during the production process. The challenge is further exacerbated as
some contaminants become chemically embedded in the plastic matrix, making simple
washing insufficient to remove them, resulting in their retention even after recycling [100].
Additionally, most plastic types are incompatible with one another at a molecular level
and have diverse processing requirements. Consequently, contamination may arise when
different plastics chemically react with elements present in the other’s matrix. According
to Hopewell et al. [2], even a small quantity of PVC contaminant in a PET recycling process
can result in the degradation of the recycled PET. This degradation occurs due to the
release of hydrochloric acid gas from the PVC at the higher temperature needed to melt
and reprocess PET. Consequently, the recycled PET may exhibit issues such as brittleness,
yellowing, and diminished adhesive properties.

Ink and coatings (such as paint) are significant chemical substances that can be found
on plastics. Ink, when present, can reduce the transparency and may result in chemical
reactions that weaken the plastic’s mechanical properties. On the other hand, coatings on
plastics create a twofold problem during the recycling process. Firstly, certain coatings can
act as stress risers in specific applications. Secondly, the degradation of the coating itself
adds to the deterioration of the plastic material [98].

Contamination has far-reaching consequences beyond just impacting the quality
of plastic; it can cause serious health hazards. For instance, PET plastics may contain
acetaldehyde, and detergents can contain toxic metals, both of which can be harmful if
inhaled or ingested. Eriksen et al. [100] explored the presence of metals in recycled plastic
waste and found that metal concentrations increased after the recycling process, although
they remained within acceptable limits for food safety [100]. However, the long-term effects
of repeated recycling cycles on metal contamination requires further investigation. If metal
contamination continues to rise, plastics that undergo numerous reprocessing cycles might
no longer meet safety standards.

Furthermore, the economic viability of sorting plastics can be compromised by the
high costs associated with the sorting technologies. While these technologies may offer
precise sorting capabilities, the expenses involved in implementing and maintaining them
can render the process uneconomical. An example is the biodegradability of poly(lactic
acid) (PLA), a bio-based plastic often made from corn. Although PLA can be composted or
recycled, the market for PLA does not currently justify extensive sorting efforts. As a result,
PLA can contaminate high-value and durable plastics, compromising their recyclability.

Despite the ongoing efforts to address the challenges of sorting plastic waste, the
continuous development of new additives and polymer mixtures introduces additional
complexities to the recycling process. As the plastic industry evolves and new types of
plastics emerge, material recovery facilities face the challenge of effectively sorting and
processing these novel materials. The dynamic nature of the industry necessitates that
sorting technologies adapt and keep pace with these changes to ensure efficient separation
and recycling of plastic waste. Failure to effectively sort plastic waste can have detrimental
consequences. Even small amounts of contaminants present in the sorted waste stream can
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lead to cross-contamination of otherwise pure waste streams. This cross-contamination
compromises the quality of the recycled material, rendering it less valuable and limiting its
potential applications [101]. Furthermore, the presence of contaminants in the recycling
process can cause damage to machinery during reprocessing, leading to additional costs
and operational disruptions for recycling facilities. Addressing the issue of contamination
requires a comprehensive approach. Material recovery facilities need to implement robust
sorting systems that can identify and separate different types of plastics accurately, taking
into account the evolving landscape of plastic compositions and additives. Additionally,
initiatives should focus on improving the infrastructure and logistics of the recycling
industry to enable the proper treatment of contaminated recyclables. This includes investing
in advanced sorting technologies, enhancing collection and transportation systems, and
establishing efficient waste management networks.

2.2. Shredding and Extrusion

Shredding is a critical step in reducing the volume of plastic waste and facilitating its
processing in mechanical recycling extruders. This process involves breaking down plastic
into smaller pieces, making it easier to handle and feed into the extruder. In addition to
volume reduction, shredding improves storage and transportation efficiency. Preliminary
shredding is often necessary before employing sorting techniques such as flotation. During
the shredding process, plastic is fragmented using a circular saw (shredder) or bandsaw. A
shredder equipped with rotating blades, driven by an electric motor, is employed for this
purpose. The shredded plastic is transformed into flakes measuring between 5 and 10 mm,
with smaller sizes resulting in more uniform shapes [102].

From an environmental perspective, grinding plastic waste consumes a significant
amount of energy due to the viscoelastic nature of plastic polymers [103]. The energy
required for grinding depends on the cuttability of the material. As a result, the different
strengths and cuttability of various polymers pose a challenge in achieving a uniform
shredding process. Inefficiencies and entanglement can occur during shredding due to
the varying mechanical and physicochemical properties of the plastics. Another consid-
eration when recycling plastic films, bags, and sheets is the use of an agglomerator for
pre-processing. The agglomerator is a device that consists of a cylinder equipped with
several stationary blades and two rotating blades positioned at the base. This configuration
induces friction and generates heat. Utilizing agglomeration machines proves to be a highly
economical approach to recycle thin-walled polymers. These machines are instrumental in
converting loose plastic materials into suitable flakes or chips, which can then be effortlessly
fed into an extruder’s hopper for further processing. The agglomerator cuts, preheats, and
dries the plastic, increasing its density and quality. Even when the resulting agglomerates
or crumbs may not be suitable for direct further processing, they can be mixed with plastic
flakes for extrusion [85].

Extrusion is the most widely used method for recycling plastic. In this process, the
plastic is blended and fed into an extruder through a hopper. Inside the extruder, the plastic
encounters a rotating screw that pushes it into a heated barrel. Gradually, the pressure
and heat melt and mix the plastic until it reaches the desired temperature. The molten
plastic is then forced through a die, creating a continuous strand or pellet that can be cooled
and cut to the desired shape or size. However, concerns arise regarding the mechanical
degradation caused by shearing forces and heat during shredding and extrusion. These
factors can lead to a reduction in the average molecular weight and mechanical properties
of the polymer [104].

Efficient shredding and extrusion processes are crucial for maintaining the quality and
properties of recycled plastics. Optimizing these steps can help minimize degradation and
ensure the production of high-quality recycled materials. Ongoing research and develop-
ment efforts focus on improving shredding techniques, enhancing extrusion parameters,
and exploring additives or compatibilizers to mitigate the adverse effects of shearing forces
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and heat. By advancing these technologies, the recycling industry can achieve higher-
quality recycled plastics that meet the performance requirements for various applications.

2.3. Thermoplastic Blends in Recycling

Polymer blends play a significant role in recycling processes, as they offer the opportu-
nity to create materials with tailored properties by combining different polymers. These
blends are physical mixtures of two or more polymers without covalent bonds between
them. The interactions between the components can lead to desired property combinations
and improved overall performance [105]. Polymer blends are commonly formulated to
achieve specific properties or enhance certain aspects of the materials. By combining differ-
ent polymers, a balance of mechanical strength, flexibility, durability, heat resistance, or
chemical resistance can be achieved. However, one challenge that arises in polymer blends
is the occurrence of immiscibility and incompatibility. In such cases, the blends may exhibit
the presence of large particles from the less abundant component, uneven distribution, and
poor adhesion to the surrounding matrix [106]. This challenge is more pronounced in the
recycling process, where the original structure of the polymer blend needs to be restored,
and the desired arrangement and distribution of the polymer phases must be re-established.
Restoring the structure and stabilizing the system during recycling requires appropriate
mixing techniques and re-compatibilization. Re-compatibilization involves the addition of
chemical additives to improve the interfacial bonding between the polymers [107]. While
there are common and readily available compatibilizers, it is important to note that each
compatibilizer is designed to address the specific needs of a particular polymer blend.
However, considering the vast number of possible polymer blend combinations, the cur-
rent range of available compatibilizer options is limited from an economic perspective.
Developing more cost-effective compatibilizers requires a comprehensive understanding of
the interfacial behavior exhibited by different polymers. Such an understanding is crucial
for the development of effective and affordable compatibilizers [108]. However, the costs
associated with research and experimentation in the development of new compatibilizers
pose a challenge. The limited economic feasibility often discourages extensive exploration
in this field. Balancing the costs and benefits of developing and implementing compati-
bilizers is crucial to foster the recycling of polymer blends and maximize their potential
in the circular economy of plastics. Ongoing research and innovation in this area can lead
to the discovery of cost-effective and efficient compatibilization strategies, enabling the
utilization of a broader range of polymer blends in recycling processes.

One of the significant challenges in recycling polymer blends is the potential degrada-
tion that the original blend may have undergone, which adds complexity to the recycling
process. The degradation behavior of individual polymers within the blend can be influ-
enced by the presence of fillers and other components, further complicating the recycling
of polymer blends. Even when compatibilizers are employed, challenges persist, especially
in blends containing polymers with different degradation rates. The varying degradation
rates among the constituent polymers can impact the overall degradation behavior during
recycling [109]. Numerous research studies have focused on investigating the degradation
of polymer blends to better understand and address these challenges. For instance, Mis-
tretta et al. [110] demonstrated the positive impact of specific compatibilizers in enhancing
the photo-resistance of polymer blends. These studies provide valuable insights into the
degradation mechanisms and offer potential strategies for improving the recycling of poly-
mer blends. Continued research and innovation in this area will contribute to advancing
the recycling technologies for polymer blends and optimizing their use in the circular
economy of plastics.

Research papers have explored various aspects related to polymer blends, extending
beyond degradation. For example, Taufiq et al. [111] conducted a study investigating the
mechanical properties and morphology of a polymer blend derived from rejected disposable
diapers. The study specifically examined the influence of processing temperature on
the blend. The results indicated that increasing the compounding temperature led to
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improved microstructural homogeneity, resulting in enhanced mechanical performance
and morphology. In addition to understanding the mechanical properties of polymer
blends, researchers have also focused on investigating the impact of recycling on the
properties of these blends. One study investigated the reprocessability of high-density
polyethylene (HDPE) blends through extrusion molding for multiple cycles [112]. The
findings revealed a gradual decline in mechanical performance with each recycling stage,
with the most significant drop occurring after the initial recycling step. Another study
examined the rheological and mechanical properties of a polymer blend consisting of PLA
and PS, prepared using a single screw extruder [113]. The study observed a decrease
in the apparent viscosity of the blend with increasing processing cycles, and the flow
behavior became more sensitive to shear rate and temperature after recycling. Furthermore,
the mechanical properties of the blend deteriorated as the number of processing cycles
increased. Although these studies examined different polymer blends, they collectively
highlight the negative effects of recycling on the mechanical properties and processability
of blends. The decrease in mechanical performance and alterations in rheological behavior
after recycling underscore the challenges associated with the recyclability of polymer
blends. Consequently, it is essential to develop innovative approaches and technologies
that address these challenges, allowing for improved recyclability and the utilization of
polymer blends in a sustainable manner.

2.4. Degradation of Recycled Plastics

Polymers undergo degradation by various mechanisms throughout their lifecycle and
are influenced by factors such as the application environment, operational conditions, and
inherent polymer properties. Degradation can occur through processes such as mechanical
breakdown, moisture-related damage, heat-induced deterioration, and oxidation due
to light exposure. Each degradation mechanism presents unique challenges and can
significantly affect the performance and lifespan of polymers. Understanding the diverse
ways in which polymers degrade is crucial for optimizing their durability and facilitating
effective recycling efforts. During the degradation process, two fundamental mechanisms,
chain scission and crosslinking, play a significant role. Polymers consist of interconnected
chains of monomers held together by chemical bonds. Chain scission involves the breaking
of these bonds within the polymer chain, while crosslinking refers to the formation of
chemical bonds that connect different polymer chains. These two mechanisms are in
competition with each other, and their prevalence is influenced by factors such as polymer
structure, composition, initial molecular weight, and processing temperature [35,114]. By
comprehending the mechanisms of polymer degradation, researchers and practitioners can
develop strategies to mitigate degradation effects and enhance the recyclability of polymers.
This knowledge can guide the selection of suitable recycling processes and conditions
that minimize further degradation during recycling. Furthermore, this knowledge aids in
the identification of polymers and polymer blends that are more resistant to degradation,
thus ensuring the production of high-quality recycled materials. Continued research in
understanding and controlling polymer degradation is essential for advancing the circular
economy of plastics and promoting sustainable recycling practices.

Mechanical degradation is a prominent phenomenon that occurs during the process-
ing of polymers, primarily during shredding and extrusion. These processes subject the
polymer to various forms of mechanical stress, which can result in degradation and alter-
ations in its physical and mechanical properties. The intense shear forces exerted on the
polymeric chains can lead to their breakdown, causing a decrease in the average molecular
weight. This mechanical shear generates significant forces in regions where the polymeric
chains are entangled, leading to chain scission [115]. While mechanical forces are not the
sole catalysts, they greatly accelerate the degradation process, collaborating with other
environmental factors such as temperature, UV radiation, and humidity [116]. Different
terms are often used to describe these degradation mechanisms based on their underlying
causes. For instance, when temperature and mechanical stress act in combination, this is
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called thermomechanical degradation. Degradation resulting from UV exposure during
processing is known as photodegradation. If oxygen is present alongside UV exposure,
it leads to a specific type of degradation called photooxidative degradation. Similarly,
degradation caused by moisture during reprocessing is commonly referred to as moisture-
induced degradation. Figure 3 depicts the key environmental factors that contribute to
material degradation, including heat, UV radiation, humidity, oxygen, and microorganisms.
Some of these factors have been discussed earlier. Thermoplastic degradation can occur
when any of these factors act independently. However, when two or more of these factors
combine, the degradation rate significantly accelerates.

Figure 3. Environmental Factors Leading to Thermoplastic Degradation.

Recognizing the importance of mechanical degradation is essential before delving into
the significance of other degradation factors. Extensive research has been conducted to
investigate the effects of reprocessing polymers, focusing specifically on the mechanical
aspects and the impact of shear forces. These studies aim to understand the behavior of
polymers under controlled mechanical stresses while considering other degradation factors.
One notable study examined the thermal stability of polystyrene (PS) and revealed its
remarkable stability, even at high temperatures of up to 230 degrees Celsius. However,
the study highlighted that mechanical stresses encountered during material processing
can lead to a reduction in molecular weight, even at lower temperatures. By subjecting
the material to similar processing conditions in terms of temperature and duration, but
varying the mechanical stresses, distinct variations in molecular weight were observed,
which were detected through changes in melt viscosity [117]. This study underscored the
influence of mechanical stresses on the degradation of PS, emphasizing the need to carefully
consider these factors during processing. Furthermore, a study conducted by Schweighuber
et al. [118] provided significant insights into the degradation mechanisms of polyolefins
during multiple extrusions using a twin-screw compounder. The investigation revealed that
the degradation process is strongly linked to the screw speed employed during extrusion.
At lower speeds, chain scission was found to be the predominant degradation mechanism,
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whereas oxidation processes dominated at higher speeds. These findings highlight the
importance of controlling processing conditions to gain a comprehensive understanding of
the observed behaviors and their implications for polymer degradation.

As previously mentioned, mechanical degradation alone is not the primary accelerator
of polymer degradation. It is the concurrent occurrence of thermal, moisture, or other
degradation processes during processing that accelerates the degradation. Moreover, cer-
tain degradation factors can amplify the other’s effects, further hastening the degradation
process. Thermal degradation plays a significant role in influencing the mechanical proper-
ties of processed polymers. When plastics are exposed to higher temperatures during the
melting process, thermal degradation can occur, leading to the breaking of the polymeric
chain’s weakest bonds and causing a reduction in the compound’s molecular weight [119].
The thermal stability of a polymer is determined by the strength of its weakest bonds [120].
In addition to thermal degradation, the presence of aggressive chemical substances can sig-
nificantly impact the polymer when exposed to heat. For instance, the interaction between
oxygen and the polymer can result in a specific type of degradation known as thermal
oxidation [121]. This occurs when oxygen reacts with the polymer, causing further dete-
rioration. Excessive thermal degradation is particularly relevant in the recycling process,
especially when dealing with polymer blends. Due to the varying melting temperatures of
different plastics, recyclers often encounter challenges in reprocessing plastics based solely
on the melting temperature of a single component. As a result, some elements may not
melt at all, while others experience excessive thermal degradation.

Numerous research studies have investigated the process of thermal degradation,
particularly focusing on the kinetics of thermal and thermo-oxidative degradation in
various polymers such as PS, PE, PP, and PET. Peterson et al. [122] conducted a study
that revealed the initiation of thermal degradation through random chain scission in the
absence of oxygen. However, when heat and oxygen are both present, thermo-oxidative
degradation occurs, leading to changes in the degradation characteristics of the polymers.
Thermal degradation in PET has also been observed [123,124]. In a recent attempt to prevent
degradation, Phanthong et al. introduced an innovative approach that involves attaching
a molten resin reservoir unit to extruders. This method facilitates the relaxation and
elimination of shear history from the molten state of polymer chains, effectively reducing
degradation. As a result, the lamellar structure and morphology can be rejuvenated to
closely resemble that of the original virgin materials [125].

During the reprocessing of polymers, moisture is another factor that contributes to
degradation and leads to a decrease in molecular weight and durability [126]. Usually, the
removal of contaminants and impurities requires mechanical cleaning of the polymers by
washing them with water and then drying them. However, insufficient drying may lead
to the plastics retaining moisture. Moisture can also be present due to the humidity in
the environment. Moisture causes swelling in the amorphous phase, leading to residual
hygroscopic stresses and degradation through hydrolysis [127]. The effects of moisture
degradation on polycarbonate molding were studied in [128]. Moisture absorption can
occur rapidly, with dried pellets exposed to 49% relative humidity at 75 ◦F reaching the
permissible moisture level for molding within 30 min.

The degradation mechanisms discussed earlier primarily focus on factors occurring
during processing. However, it is important to recognize that environmental factors such as
UV irradiation, moisture, and oxygen also play significant roles in the degradation of poly-
mers. When polymers are exposed to the environment, their degradation occurs gradually
over time. Prolonged exposure leads to significant deterioration, a process known as weath-
ering. Weathering is a natural degradation process resulting from the combined effects of
UV radiation, atmospheric oxygen, and water. UV radiation, through photophysical and
photochemical processes, along with the presence of oxygen and water, causes oxidative
and hydrolytic effects on the polymers [129]. Oxygen reacts with polymer chains, forming
oxygenated groups in a phenomenon known as photo-oxidation, resulting in the gradual
degradation of polymers [130]. Additionally, water absorption by synthetic materials and
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coatings from humidity and wetness can lead to hydration of surface layers and mechanical
stress on the dry subsurface layers. Simultaneously, UV rays from sunlight can accelerate
the degradation process by initiating photo-degradation, breaking down chemical bonds in
the polymer material and leading to a gradual loss of physical properties [131]. Numerous
research papers have examined the impact of UV aging on the mechanical and fracture
characteristics of thermoplastic polymers.

The impact of degradation on the mechanical recycling process is evident, and the
quality of the waste material before recycling plays a crucial role in determining the overall
success of the process. While the direct influence of polymer degradation on technical stages
such as sorting or cleaning remains inconclusive, chemically degraded waste materials
require stricter controls and greater precision to achieve the desired results. Handling
lower quality waste materials necessitates heightened attention and control throughout the
recycling process.

In summary, environmental factors such as UV irradiation, moisture, and oxygen con-
tribute to the degradation of polymers in the environment, leading to weathering and grad-
ual deterioration. UV radiation causes photo-oxidation and initiates photo-degradation,
while moisture absorption and exposure to oxygen contribute to hydrolytic and oxidative
effects on the polymers. Research studies have highlighted the impact of UV aging on
the mechanical properties of polymers, revealing the competition between chain scission
and crosslinking mechanisms. Understanding the degradation caused by environmental
factors is essential in managing the quality of waste materials and implementing effective
recycling processes. By considering the effects of degradation, greater attention can be
given to controlling and improving the recycling of lower quality waste materials.

3. Integrating Plastics into a Circular Economy through the 3D Printing Process

Addressing the urgency of global challenges requires a transition from lifestyles solely
centered on consumption, towards more sustainable activities. The shift is driven by the
aim of meeting the present needs, while safeguarding the well-being of future generations.
To achieve sustainability, it is crucial to seek a balance between environmental, social, and
economic considerations [132]. Environmental sustainability involves protecting natural
resources, reducing carbon emissions, and minimizing pollution. This requires adopting
renewable energy, sustainable land management approaches, and eco-friendly practices
across industries. Social sustainability focuses on promoting social justice, equity, and
inclusion [133]. Economic sustainability involves maintaining a thriving economy while
ensuring it is not at the expense of the environment or society. It involves creating economic
systems that promote sustainable development, job creation, and a fair distribution of
wealth and resources [134]. Achieving sustainability requires collaboration among gov-
ernments, businesses, and individuals to develop and implement sustainable policies,
technologies, and practices [135]. This includes investing in renewable energy, sustainable
agriculture, eco-friendly transportation, and circular economy principles to achieve a more
sustainable future [136,137].

The concept of a circular economy is important for achieving sustainability, as it
focuses on reducing waste and maximizing resource efficiency, leading to a more robust and
sustainable future [138]. A circular economy model aims to keep materials, products, and
waste in use for as long as possible through reuse, repair, and recycling. The objective is to
minimize waste and its environmental impact by reducing the demand for virgin materials
and lowering energy consumption. This model replaces the linear economy approach
known as the “take-make-dispose” model [134,139]. The linear economy relies on unlimited
resources to produce, use, and dispose of products, which is unsustainable and disregards
the negative environmental consequences and the finite nature of natural resources [140].
To transition to a circular economy, industries must adopt strategies for extending the life
of products and materials, creating a sustainable and resilient circular economy. Recycling
plastic within the circular economy is a solution for sustainability as it promotes resource
efficiency and waste reduction. Plastic waste poses a significant environmental threat due to
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its slow biodegradability and persistent presence in the ecosystem [141]. A circular economy
aims to extend the useful life of plastic through the utilization of various frameworks, such
as the 6 Rs or 9 Rs [142].

The sustainability framework, developed by multiple industries, provides an outline
for waste reduction and the promotion of sustainable practices. The 6 Rs framework shown
in Figure 4 includes Reduce, Reuse, Recycle, Repair, Refuse, and Rethink, while the 9 Rs
framework expands to include Rs such as Refurbish, Remanufacture, Repurpose, or Re-
cover [142–144]. While the first three Rs are widely known and promoted, all the Rs are
important for achieving a sustainable future. Repairing and reusing products extends their
lifespan and reduces the need for new materials and energy in manufacturing. Refusing
single-use products is a critical step for filtering out items that harm the environment. By
incorporating all the Rs into the circular economy, society can significantly reduce its envi-
ronmental impact and promote sustainable practices for future generations [145]. Replacing
single-use plastics with environmentally friendly alternatives, such as reusable metal or
bamboo straws and refillable glass or stainless-steel water bottles, can significantly reduce
waste [146]. Governments and businesses are implementing policies and offering incentives
to encourage the use of reusable alternatives to single-use plastics, fostering a shift towards
sustainability [147,148]. Integrating plastic recycling into the circular economy is vital for
reducing plastic waste, conserving resources, and promoting sustainable practices [147].
These efforts aim to close the loop on plastic waste reduction within the circular economy.

Figure 4. Six Rs of Sustainability.

Establishing plastic recycling as part of the circular economy requires the creation of a
closed-loop system that prioritizes waste management frameworks. It begins with product
design in which designers prioritize recyclability by using fewer complex parts and a
higher percentage of the same plastic to enhance recycling efficiency and effectiveness [149].
Establishing a supply chain that prioritizes recycling is also crucial for a circular economy
of plastics. This involves partnerships with waste management companies and special-
ized recycling facilities capable of handling different types of plastic, as well as localized
platforms to facilitate recycling and eliminate the need for long-distance transportation to
centralized recycling facilities [150]. Policymakers and businesses must prioritize sustain-
ability concerns and integrate circular economy principles into their strategies to support
the shift towards a circular economy for plastic [151]. By integrating these strategies, it
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is possible to reduce waste, conserve resources, mitigate the negative impacts of plastic
production and disposal on the environment and human health, and gain a competitive
advantage in the marketplace through improved efficiency and reduced costs [142]. As
described in Section 1, thermoplastics, given their widespread use in various applications,
are a major focus for recycling efforts [32].

3.1. Recycling of Thermoplastics

Thermoplastic polymers are widely used in various products, such as packaging,
consumer goods, and industrial applications, due to their unique properties, including
durability, flexibility, and relative resistance to degradation [152]. However, the linear
model of polymer consumption and disposal has resulted in significant environmen-
tal challenges [32]. According to the report “What a Waste 2.0” [15], the world gener-
ated 242 million tons of plastic waste in 2016, and this figure is predicted to increase to
460 million tons per year by 2030 if the current trend continues. The accumulation of plastic
waste and its disposal in landfills or incineration contribute to environmental pollution and
greenhouse gas emissions, exacerbating climate change [153]. To address this issue, it is
crucial to integrate polymers into the circular economy, which involves reducing produc-
tion and consumption, promoting reuse, recycling, and recovery cycles [154]. In the context
of mechanical recycling, significant efforts have been made to recycle thermoplastics using
injection molding, thermoforming, and 3D printing technologies as described in the next
three subsections.

3.1.1. Recycling Thermoplastics through Injection Molding

Injection molding is a manufacturing method for producing a wide range of plastic
products, including those made from recycled materials [155]. The process of recycling
by injection molding typically involves a series of steps including collection, sorting,
cleaning, and size reduction to create plastic pellets. These pellets are then dried to remove
moisture as it affects the production process. Next, pellets are melted and injected into a
mold, where they form the desired product [156]. However, there are several advantages
to using injection molding with recycled plastic. Firstly, it is a cost-effective solution
for plastic recycling, as shredded recycled plastic makes a pellet form feedstock to the
injection molding and the process can be repeated multiple times. Additionally, injection
molding reduces waste by reusing plastic that would otherwise end up in landfills or
oceans [157]. The flexibility of injection molding enables the production of complex shapes
and sizes, making it suitable for a wide range of plastic products. Through the utilization of
recycled plastic and injection molding, this approach has the potential to make a significant
difference in waste reduction and promote a more sustainable environment [158].

An example of plastic recycling involves the use of recycled polyethylene terephthalate
(rPET) in injection-molded products, sourced from post-consumer PET bottle recycling.
This practice not only reduces plastic waste, but also lowers raw material costs. Studies have
explored various additives, processing parameters, and types of rPET waste to enhance the
properties of injection-molded rPET, demonstrating the potential for sustainable solutions
and value-added product creation in addressing the plastic waste issue [159]. Another effort
in injection molding has been extended to plastic waste collected from marine environments.
Utilizing different manufacturing technologies, including injection molding, 3D printing,
and thermoforming, researchers have examined the recyclability of PET, HDPE, and PP
plastic waste retrieved from the ocean. Comparative analysis with virgin plastics indicates
that recycled plastic products exhibit comparable properties, highlighting the potential
for effective recycling of marine plastic waste and the significance of improved waste
management strategies in marine environments [160]. Thermoforming represents another
method employed in the recycling of thermoplastics and is covered in the next subsection.
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3.1.2. Recycling Thermoplastic through Thermoforming

Thermoforming is a manufacturing process used in plastic recycling. The technique
starts by heating a plastic sheet to its softening point, stretching it over a mold, and then
vacuum-forming it into the desired shape. This method has found extensive use in recycling
applications, facilitating the creation of diverse products from recycled plastic, such as food
packaging, automotive parts, and consumer goods. One noteworthy application of thermo-
forming is its role in producing high-stiffness trays. The tray’s inherent structural integrity
and rigidity makes it ideal for tasks demanding stability and resistance to deformation.
A key advantage lies in the ability to carefully select appropriate materials and optimize
the thermoforming process, thereby yielding trays with superior stiffness tailored to meet
specific requirements [161].

While injection molding and thermoforming are commonly used technologies in plas-
tic recycling, additive manufacturing through 3D printing provides an innovative approach.
Unlike injection molding and thermoforming, which involve heating and molding plastic
into predetermined shapes, 3D printing allows for the creation of complex and customiz-
able objects using recycled plastic materials [156]. Therefore, this section will explore 3D
printing as a novel approach to plastic recycling.

3.2. Recycling of Thermoplastics through Additive Manufacturing: Opportunities and Challenges

Additive manufacturing, commonly known as 3D printing, presents a promising
solution for integrating plastics into the circular economy and recycling plastic waste [162].
This technology allows for the creation of complex objects while optimizing material
use and reducing waste during the manufacturing process [21]. One of the widely used
additive manufacturing processes is fused filament fabrication (FFF), in which polymer
material is deposited layer by layer over a heated bed, as depicted in Figure 5a. This
approach results in efficient material utilization and minimizes waste generation. Another
technology employed in additive manufacturing is fused granule fabrication (FGF). In
this method, illustrated in Figure 5b, feedstock for 3D printing is provided in the form of
granules. The granules are heated and melted by passing through a screw extruder, after
which the molten material is extruded through an extrusion nozzle to build the desired
object [163]. FGF offers an alternative approach to incorporate recycled polymers into the
additive manufacturing process, promoting the reuse of plastic waste and contributing to a
more sustainable production cycle. By harnessing the potential of 3D printing, the circular
economy can be further advanced, leading to reduced material wastage and improved
environmental impact.

The utilization of additive manufacturing and 3D printing technology in recycling
polymers presents numerous environmental benefits. It enables the transformation of
plastic waste into new products, reducing the amount of waste generated and the reliance
on raw materials, energy, and water typically required in traditional manufacturing pro-
cesses [164]. Recycling plastic materials through 3D printing can significantly reduce waste,
diverting plastic from landfills. It also helps conserve resources by reusing plastic, reducing
the need for new plastic production and the associated energy consumption [165]. The recy-
cling process itself typically requires less energy and a reduced carbon footprint compared
to producing new plastic from raw materials. Furthermore, recycling can create new mar-
kets for recycled plastic materials, promoting economic diversification and generating new
business opportunities [166]. Moreover, 3D printing allows for the creation of customized
and complex designs as well as minimizing material waste during production [167]. While
additive manufacturing offers valuable advantages, it also presents challenges that need to
be addressed.
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Figure 5. Illustration of Additive Manufacturing Techniques: (a) Fused Filament Fabrication and (b)
Fused Granule Fabrication.

Effectively recycling polymers for 3D printing presents a significant challenge, requir-
ing a thorough understanding of which materials can be recycled without compromising
mechanical properties [54]. Based on the reviewed literature, research studies have explored
the recyclability of various polymers, with a focus on acrylonitrile butadiene styrene (ABS),
polylactic acid (PLA), polyethylene terephthalate (PET), and polypropylene (PP). However,
fewer studies have investigated the recycling potential of polystyrene (PS), high-density
polyethylene (HDPE), and low-density polyethylene (LDPE) polymers [168]. To address
this challenge, researchers are dedicated to comprehending the mechanical properties of
recycled materials and developing strategies to mitigate degradation. Techniques such as
incorporating additives or blending multiple polymers to enhance filament flexibility will
be further discussed in Section 4 [169,170].

A significant challenge in thermoplastic recycling in general and for 3D printing in
particular is the collection and sorting of plastic materials, as discussed in Section 2.1.
Ensuring the proper sorting of plastics becomes critical due to the variation in melting
points among different polymers. This discrepancy can present a major difficulty during
the 3D printing process. Proper sorting of plastics becomes a crucial step that greatly
influences the success of 3D printing with recycled materials [171].

It is widely acknowledged that not all materials are suitable for recycling by 3D
printing. Consequently, various methods were explored involving specialized equipment
to address the challenges associated with printing these materials. It was often concluded
that recycling such materials may not be feasible or would be financially irrelevant. For
example, let’s examine the recycling of composite materials commonly used in packaging,
which consist of both polymers and aluminum [172]. While it is technically possible to
recycle these materials, the process demands substantial resources for effective processing.
Furthermore, some of these difficult-to-recycle plastics can present safety and regulatory
concerns, particularly if they release hazardous fumes or byproducts during the recycling
and printing processes [173]. Hence, it is important to approach these materials with
caution and implement appropriate mitigation strategies.

Ensuring that recycled plastics meet the required specifications for 3D printing can
be difficult. Moreover, recycled thermoplastic materials may exhibit different physical
characteristics compared to virgin materials, potentially influencing the performance of the
printed object. Variations in melting points, viscosities, and flow characteristics can affect
printability, leading to issues such as warping, poor layer adhesion, and surface finish
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problems [174]. This can lead to issues such as inadequate layer adhesion, stringing, and
clogging, which can compromise the quality of the print [175]. Furthermore, achieving
proper adhesion of the material to the print bed can be challenging, especially when using
recycled polymer materials that may have different surface qualities compared to virgin
materials. This can result in problems such as warping and poor layer adhesion, affecting
the overall print quality. Additionally, factors such as print speed, layer height, and cooling
settings can have a significant impact on printing quality and may contribute to failed
prints [176], which will be discussed in Section 3.4.

When considering the use of recycled plastic materials, the factor of cost plays a
crucial role. While it has been argued that recycled plastics can be more expensive than
their virgin counterparts due to additional processing and quality control requirements [2],
a deeper examination of this cost dynamic is essential. Choosing between virgin and
recycled plastic involves a complex decision-making process that extends beyond mere cost
considerations. Recycled plastic undoubtedly offers substantial environmental benefits in
terms of sustainability, but it may entail additional processing stages, leading to increased
expenses. The higher cost associated with recycled plastics typically stems from various
stages, including collection, sorting, cleaning, and transportation. However, the adoption
of a distributed recycling approach can help offset these added costs by eliminating the
need for transportation to centralized recycling facilities. Moreover, it is important to note
that the cost of the raw material itself is effectively eliminated during the recycling process.
This holistic perspective underscores that the choice between virgin and recycled plastics
involves a nuanced evaluation of multiple factors beyond cost alone.

Nonetheless, it is imperative for the recycling community to acknowledge the multi-
faceted benefits that recycling offers, extending beyond its environmental advantages to
encompass economic gains. In order to establish a tangible benchmark for quantifying the
costs associated with the implementation of a DRAM approach, a meticulous estimation
has been undertaken. This estimation stands as a foundational point for comparison,
particularly against commercially available recycled PET (rPET) sourced from re3D, Hous-
ton, TX, USA. The principal objective of this model is to foster community engagement,
with a significant portion of the endeavor relying on the dedicated efforts of volunteers.
Additionally, the intent is to manufacture pellets from plastic products collected within the
community, procured at no cost. However, there exist other essential cost considerations
in the process. These encompass various expenditures, including water bills associated
with cleaning and electricity bills for operations such as shredding and drying. To provide
a comprehensive overview, Table 3 outlines the projected expenses associated with the
production of 1 kg of PET using conventional equipment.

Table 3. Cost Breakdown of the Operation of a Distributed Recycling Center.

Stage Resource Quantity Time (Hours) Cost ($)

Collection Labor N/A N/A Volunteer

Sorting Labor N/A N/A Volunteer

Cleaning Water 10 Gallons 0.5 $0.02

Drying Oven 1.88 kWh 6 $0.45

Shredding Shredder 0.75 kWh 8 $0.14

Total $0.61
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The initial estimate points suggest significant cost savings for the community when
compared to the price of rPET, which stands at $19.64 per kilogram. Consistent with our
calculations, Alexandre et al., have indicated that the production costs of fused granular
fabrication pellets can be efficiently reduced to less than $1 per kilogram of material [177].
While we acknowledge the potential presence of supplementary costs, notably labor and
equipment expenses, it is imperative to assess the broader financial implications. An
optimally staffed recycling center would ideally involve three to five skilled individuals re-
sponsible for sorting, cleaning, and shredding operations, complemented by one individual
overseeing the collection and the team. Our data were collected using equipment available
in our laboratory, a Filabot Reclaimer (Filabot, Barre, Vermont, USA), valued at $8190, and
the drying ovens, akin to the Thermo Scientific 3488M-1 Imperial V model, ranged in price
from $2000 to $5000. Additionally, prudent financial planning should encompass an annual
maintenance cost, equivalent to 1–3% of the machine’s assessed value, to ensure sustained
operational efficiency and longevity.

In devising a simplified model for these recycling centers, let’s assume each center is
equipped with a single industrial shredding machine capable of processing 50 kg of plastic
material in an 8-h shift. This limitation would mean that each center could handle up to
50 kg of material every 8 h, constrained by the shredding process. In the United States,
the average per capita daily plastic consumption stands at approximately 0.605 kg/day.
Based on this, a single shredder can effectively serve and process materials from around
83 recyclers. Now, let’s consider that roughly 20% of the community members are inclined
towards distributed recycling. In such a scenario, each center would need to meet the daily
demands of a population comprising approximately 415 individuals within its vicinity.
Applying this model to Michigan, it becomes apparent that recycling centers would need
to be strategically located within an approximate radius of 2.8 km to efficiently serve the
community. For instance, in Saginaw County, this would necessitate the establishment
of approximately 24 recycling centers to accommodate the local population’s recycling
needs. Larger communities may require additional equipment and centers for effective
recycling management.

However, in the context of additive manufacturing, the fused granule fabrication (FGF)
process offers a more direct route for using recycled materials [178]. Instead of creating a
spool of filament for the fused filament fabrication (FFF) process, which requires additional
steps in processing, the FGF process allows the utilization of recycled material promptly
after chopping and cleaning. This streamlined approach not only simplifies the production
process but also has the potential to lower overall costs, making recycled plastics a viable
and sustainable option for additive manufacturing.

Overall, FFF and FGF provide a promising pathway for recycling thermoplastics and
integrating polymers into the circular economy. By addressing the challenges associated
with polymer recycling, such as material selection, printability optimization, and cost
considerations, the environmental impact of plastic production and disposal can be signifi-
cantly reduced. Table 4 highlights additional initiatives complementing those discussed in
Section 3.1, with a focus on injection molding, thermoforming, and 3D printing processes.
These ongoing efforts are dedicated to further advancing the recycling of plastic materials,
demonstrating the versatility and potential of various recycling techniques in creating
sustainable solutions.
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Table 4. Efforts of Recycling Thermoplastic.

Topic Material/Composite Reference

Injection Molding

PP/Composite
PP/Composite

SEBS/PP
ASA

Composite
Composite
Nylon 12

PP/Composite

[179]
[180]
[181]
[174]
[182]
[183]
[184]
[185]

3D Printing

HDPE
PET

Nylon 6
Composites

PP
HDPE
ABS

PET/Rubber
PLA + Glass Fiber

LPDE
PET, PP, PS

PET
PP/Composite

PLA

[186]
[187]
[188]
[164]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[196]
[197]
[29]

Thermoforming
PP

PET/Glass Fiber
Composite

[161]
[198]
[199]

3.3. Pathway to Community-Scale Recycling through Additive Manufacturing

Over the past decade, the concept of distributed recycling by additive manufacturing
(DRAM) has garnered considerable attention in academic literature [200]. DRAM has been
explored not only as an individual or household practice but also as a viable community-
based solution [162]. Individual DRAM practice demands substantial skill, effort, and
capital, so it may result in low machine utilization. Therefore, our focus lies on the broader
implementation of DRAM at the community scale, where it can be adopted by small
enterprises, non-profits, or volunteer initiatives. In this review, we outline the essential
steps for establishing DRAM at the community level, paving the way for a more accessible
and sustainable approach to recycling and additive manufacturing.

To prepare plastic waste for 3D printing, a series of essential steps are undertaken
to transform discarded materials into usable feedstock. The process commences with
the collection and sorting of plastic waste, followed by thorough cleaning and shredding
into smaller pieces. Subsequently, the shredded plastic undergoes extrusion or other
processing techniques to create filament or pellets suitable for 3D printing, as depicted in
Figure 6. This transformation is a key factor in converting plastic waste into a valuable
resource, promoting sustainability and circularity by reducing environmental impact and
maximizing material reuse. Advocating a decentralized approach to waste recycling,
our review paper proposes the concept of distributed recycling within the community.
This approach eliminates the need for transportation to a centralized recycling center,
promoting greater efficiency and reduced logistics. Consequently, our review focuses
on the process of establishing a distributed recycling unit consisting of five stages, as
depicted in Figure 7. The five stages are: plastic waste collection, material recovery,
material storage, 3D printing, and community use. By highlighting these stages, our review
aims to promote the implementation of an effective distributed recycling unit, fostering
community involvement and contributing to a more sustainable and responsible waste
management system.
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Figure 6. Transformation of plastic waste into a 3D printing feedstock through a local recycling process.

Figure 7. Stages of Distributed Recycling for 3D Printing: From Waste Collection to Community Use.
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Pathway to Decentralized Recycling
Sorting waste and ensuring its proper recycling has always been a challenge due

to contamination issues [29,188]. However, communities can overcome this challenge
by establishing efficient sorting systems and educating residents on proper recycling
practices. Initiating a recycling program, as illustrated in Figure 6, allows communities
to determine the procedures for sorting and collection while developing clear policies
on what can be recycled. To involve the local community in the waste collection process,
collection containers can be placed in public spaces, schools, and at community events [201].
Additionally, setting up drop-off locations enables community members to contribute by
bringing their already recycled plastic.

Once the plastic waste is collected, the next crucial step is shredding and preparing
the recycled plastic for 3D printing. Mechanical shredders are used to downsize the plastic
into desired sizes, typically flakes or granules. Proper sizing is essential, whether produc-
ing filaments or directly 3D printing using a fused granule fabrication (FGF) 3D printer.
Community-scale recycling centers can benefit from cost-effective and accessible shredding
systems, such as the open-source plastic granulator, which can be built by members of the
local community with expertise in mechanical and electrical fabrication [202]. Alternatively,
the concept of the “Green Fab Lab” can be adopted, focusing on establishing local recycling
facilities [203].

Before 3D printing, all recycled materials must be thoroughly cleaned and dried to
avoid moisture-related issues during the printing process. Common methods for drying in-
clude air and vacuum drying at temperatures below the glass transition temperature [204].
Communities can invest in a drying oven or dehumidifier to ensure proper drying of
materials. By implementing community-based waste recycling and 3D printing, communi-
ties can take significant steps towards sustainability, reducing environmental impact, and
promoting the circular economy. Through collective efforts, waste can be transformed into
valuable resources, fostering a more sustainable and eco-friendly future for generations
to come.

The Process of Filament Fabrication
In the recycling and 3D printing process, as depicted in Figure 6, the dried and stored

plastic material undergoes extrusion to create filament suitable for 3D printing. In the
reviewed literature, the most common filament diameter used for 3D printers is 1.75 mm,
with tolerance levels ranging from +/− 0.04 [194] to 0.1 mm [192]. Maintaining the filament
diameter within an acceptable range of tolerance is critical as it directly impacts the printing
quality and the outcome of the print. To ensure smooth and consistent extrusion during
printing, it is essential for the filament diameter to be consistent throughout the spool. Any
variations in diameter can lead to issues such as clogging or under-extrusion, compromising
the quality of the 3D printed object. Therefore, stringent quality control measures should be
in place during filament fabrication to guarantee uniformity in diameter. Therefore, [193]
used a laser micrometer with an accuracy of ±2 μm to monitor the filament diameter
during extrusion. Moreover, the filament must be free of contaminants such as dust and
particles [205]. Contaminants can lead to clogging in the 3D printer nozzle or poor adhesion
between layers, resulting in flawed prints. Properly cleaning and filtering the recycled
material before extrusion is crucial to eliminate any potential contaminants. A mesh filter
is often used inside the extruder nozzle as well.

Direct Printing Using Granules
An alternative method for 3D printing with recycled polymers involves the direct

use of granules as feedstock, eliminating the need for intermediate steps such as filament
production. In this approach, plastic waste is processed into granules of a specific size
and then directly fed into a 3D printer equipped with a hopper, bypassing the step of
filament production. Table 5 is an example of printing parameters using an open-source
3D printer Gigabot X 2 XLT (re3d, Texas, USA) to print a recycled polymer (PLA) [206].
While direct printing using granules shows potential for sustainable 3D printing, it may
require modifications to the 3D printer to prevent clogging of granules in the hopper.
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Advancements in open-source technology and the availability of pelletizer choppers or
open-source granulators offer feasible solutions for the local community to create granules
of the appropriate size without the need to produce filament for 3D printers [207].

Table 5. Examples of Printing Parameters for FGF process Using the Gigabot X 2 XLT Printer.

Parameter Value Unit

Nozzle Diameter 2.85 mm
Layer Height 1.5 mm
Skirt Outlines 5 count
Bottom Heat Zone (T0) 185 ◦C
Middle Heat Zone (T1) 180 ◦C
Top Heat Zone (T2) 165 ◦C
Bed Temperature 60 ◦C
Printing Speed 900 mm/min
Travel Speed 6000 mm/min
3D Printer Gigabot X 2 XLT

3.4. Controlling the Printing Quality of the Recycling Plastic

To ensure accurate and reliable 3D printing of the recycled plastic, process control
is crucial. With the growing popularity of 3D printing technology, understanding and
optimizing printing process parameters is key. The process control aspects of FFF and
FGF 3D printing encompass various factors, including printing material selection, printing
temperature, layer thickness, and print speed. Wu and Chen conducted an analysis using
cause-and-effect analysis [208] to identify factors contributing to poor print quality, which
are summarized in Figure 8. By monitoring and controlling these factors, it is possible to
reduce failed prints and improve overall printing performance. These factors are divided
into two main categories: before printing (process planning) and during printing.

Figure 8. Printing Quality Control for 3D Printing.

155



Polymers 2023, 15, 3881

3.4.1. Process Planning

Several important 3D printing parameters have a big impact on the success of the
printing process. Figure 8 illustrates the important elements of control that must be
considered during the process planning phase. Layer height, printing speed, extrusion rate,
and temperature settings are important factors in 3D printing [209]. Lower layer heights
produce finer vertical details but lengthen print time. Additionally, the material’s adhesion
to the prior layer depends on the extrusion rate and temperature. Therefore, consistent
print quality is ensured by using correct and optimized settings [210].

Other factors that affect print quality are settings in software used for slicing a 3D
design into machine instructions for printing. These important slicer settings include
support settings, infill density, and print orientation. The creation of support structures
that stabilize overhanging components while printing is controlled by support material
parameters. Better support for complex geometries is ensured by higher support density,
but it also requires more material and post-processing work. The infill density parameter
determines how much material is used to fill the inside of the part, which affects the print’s
strength and weight. Greater structural integrity is achieved with higher infill densities,
but at the cost of increased printing time and material usage. Another factor that needs
to be considered is the print orientation, which affects the object’s structural integrity and
surface finish [210,211].

3.4.2. Control during Printing

Once the printing instructions are sent to the 3D printer, the print begins. Most of the
print monitoring tasks are left to the human operator, with typical printers using closed loop
control of only heated bed and extruder temperatures. The operator must monitor the bed
adhesion and layer-to-layer adhesion to detect failures that require nozzle or bed cleaning
and a material reset. Additionally, print chamber air temperature plays an important
role in cooling and thus part shrinkage and residual stress-driven warpage. The chamber
temperature requirements vary based on the specific plastic being printed. In particular,
PLA requires an open printer enclosure for rapid cooling below its approximately 60 ◦C
glass transition temperature, while other plastics demand a closed chamber or even a
heated chamber for optimal results. Moreover, controlling the ambient humidity is also
important to ensure the print quality and success [212].

3.4.3. In-Process Monitoring

Nevertheless, advancements are continuously being made to enhance the process
control of 3D printing. In-process monitoring systems incorporating sensors and machine
learning algorithms have emerged as a modern technique. These systems provide real-time
feedback and enable modification of process parameters during printing. A study has
proposed the use of sensors and machine learning algorithms to prevent nozzle clogging,
achieving an impressive prediction accuracy rate of 97.2% for the future state of the 3D
print [213]. Such systems aim to eliminate the need for operator monitoring and enhance
print success. Based on the specific requirements of the application, the community can
develop a similar system tailored to their needs, further improving the process control of 3D
printing within a community recycling center and enhancing the reliability and efficiency
of their printing operations [214].

3.4.4. Empowering Local Communities through Self-Sustaining Recycling Centers

Extrapolating the idea of DRAM to the context of a local community, we envision
the concept of a self-sustaining recycling center in the local community practicing col-
lection, sorting, cleaning, processing, and 3D printing of plastics for applications in the
local community. Several essential pieces to this center are the trained operators, the
machines, the education and engagement of potential customers or users of the parts to
be produced by DRAM. This idea is similar to the Precious Plastics initiative for local
centers to collect and recycle plastics and then use the manufacturing processes of die
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extrusion, injection molding, and thermoforming. To those processes, we add additive man-
ufacturing processes. Precious Plastics fosters the sustainment of such local centers with
participating machine shops and marketplaces distributed regionally and with knowledge
sharing online. By taking ownership of the recycling process and developing expertise
within the community, the center becomes more self-reliant and fosters local economic
growth and learning. With trained operators, the proposed DRAM center can operate
efficiently, producing high-quality recycled materials and products through 3D printing.
This not only promotes environmental sustainability by reducing plastic waste but also
encourages active community participation in recycling initiatives. By involving the local
community in the process, 3D printing with recycled materials becomes a collaborative
effort that fosters environmental consciousness and community engagement. As a result,
the community benefits from a self-sustaining recycling center that contributes to a cleaner
and more sustainable environment while promoting economic and social growth within
the community itself.

In the context of a local self-sustaining recycling center, the application of 3D print-
ing technology offers a multipurpose and sustainable approach to addressing various
household needs and the promotion of community empowerment. Through 3D printing,
communities can produce many household items that might eliminate the need to purchase
from the market, ranging from replacement parts such as vacuum attachments, gardening
tools, home accessories and many others. This approach encourages the utilization of the
resources within the local community, which can help in community engagement and
innovation. Such combined efforts align with the vision of sustainability and circular
economy, contributing to a more self-reliant community model.

4. Mechanical Properties of Recycled Polymers

The successful integration of plastics into a circular economy requires maintaining
the mechanical properties of recycled thermoplastic structures to a high standard. This
emphasis ensures that the recycled materials retain their strength and reliability, enabling
them to endure repeated use without any compromise in performance. By prioritizing the
quality of recycled thermoplastics, it is possible to create a closed-loop system in which
materials are continuously reused, minimizing waste and reducing the demand for virgin
resources. To achieve this objective, it is essential to understand the mechanical behavior
of thermoplastics before and after recycling and to uncover the underlying mechanisms
involved in their property changes. Polymers are composed of large chain molecules, with
carbon atoms forming the backbone of the chain. Polymerization is the process of linking
monomers, the building blocks of polymers, to create these chains. Thermoplastic polymers
are characterized by linear chains that are connected to side groups, and in some cases,
these chains may have branches, forming branched structures [215]. This unique feature
distinguishes thermoplastics from other polymers because their chains are not crosslinked.
As a result, they can be easily melted at relatively low temperatures, which contributes to
their excellent recyclability potential. Furthermore, the arrangement of these linear chains
can vary, and these structural characteristics significantly affect the mechanical behavior
and performance of the polymer under different conditions. Many thermoplastics display
a semicrystalline morphology, with a molecular structure comprising amorphous regions
of randomly oriented molecular chains and crystalline regions that exhibit a highly ordered
and repetitive chain arrangement with hydrogen bonding between chains. However, it is
essential to note that thermoplastics can also exist in an entirely amorphous state such as
polystyrene (PS), polycarbonate (PC), and polymethyl methacrylate (PMMA), also known
as acrylic. The mechanisms of deformation as well as mechanisms of degradation are
tightly linked to the macromolecular structure of the thermoplastic.

The amorphous thermoplastics featuring a network of randomly organized and entan-
gled polymer chains [216], exhibit an isotropic behavior. When a semicrystalline thermo-
plastic is subjected to mechanical forces, the amorphous phase experiences initial elonga-
tion, leading to the stretching and unraveling of some polymer chains, and the breaking of
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weaker intermolecular bonds [216]. As the deformation progresses, the load is primarily
borne by the crystalline region of the thermoplastic. This causes the crystalline lamellae to
align in the direction of the first principal stress. This point coincides with the macroscopic
plastic yielding, characterized by localized narrowing and uneven deformation, leading to
a concentrated area of strain [217]. With further applied force, the crystalline phase starts
to separate into distinct crystalline blocks [218]. As the deformation continues, both the
crystalline blocks and the chains of the amorphous region that connect them become highly
elongated, resulting in the formation of a fibrillar-like structure. Both these crystalline
block segments and the interlinking amorphous regions adjust their orientation to align
with the direction of maximum stretch, known as the principal stretch direction [219].
However, this hardening is constrained by the macromolecular chains’ ability to stretch.
Once their extensibility limit is reached, fracture occurs. This intricate fibrillar arrangement
contributes to the thermoplastic’s ability to withstand deformation and maintain its me-
chanical integrity under stress. Figure 9 illustrates the described deformation mechanisms
occurring within the crystalline and amorphous regions associated with the semicrystalline
polymer’s mechanical response. The interplay between the amorphous and crystalline
regions within thermoplastics enables a complex mechanical response to external forces.
The amorphous phase provides resilience and flexibility, allowing the material to absorb
impacts and recover its shape, while the crystalline phase offers strength and rigidity.

Figure 9. Microstructural Evolution under Deformation in a Semicrystalline Polymer.

4.1. Mechanical Properties of Recycled Plastics

Extensive research has been conducted to investigate the impact of recycling through
injection molding, on the physical, chemical, and structural properties of plastics. However,
when it comes to recycling by 3D printing, there is a notable scarcity of comprehensive
literature in this domain. As a result, this section seeks to bridge the gap by drawing upon
the insights and conclusions derived from the injection molding research. By extrapolating
and adapting these findings, it is possible to gain valuable understanding and guidance for
the effective recycling of plastics by 3D printing.

Section 2.4 highlights the impact of environmental factors and processing conditions
on the mechanical properties of thermoplastics. Recycling involves heat and shear stresses
that lead to degradation, while oxygen and moisture act as catalysts during processing,
affecting the material’s properties. In injection molding, polymer degradation occurs
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through three primary process mechanisms: high temperatures required for melting, shear
stresses during flow, and the residence time within the heated barrel. These parameters
significantly influence the degradation kinetics of molten polymers. While reprocessing
at high temperatures leads to significant thermal degradation, even lower reprocessing
temperatures can induce degradation in polymers susceptible to mechanical degrada-
tion [220]. The processing conditions can alter the molecular structure of polymers through
chain scission, crosslinking, and branching of polymer chains. High temperatures and
shear stresses cause chain scission, reducing polymer chain length [221,222]. Additionally,
crosslinking of polymer chains can occur in the presence of free radicals formed at elevated
temperatures [30], which tends to decrease the mobility of polymer chains, making the
material more brittle. The crosslinking in elastomers can be different from the crosslinking
in thermosets or thermoplastics. While the crosslinks in elastomers are typically fewer
and more flexible, the crosslinks in thermosets/thermoplastics are often numerous and
highly rigid. With each successive recycling cycle, these changes become more pronounced
as degradation accumulates. A higher number of reprocessing cycles results in increased
brittleness, while an acceleration in chain scission contributes to earlier fracture occurrences
after each cycle. Numerous studies have investigated the effects of mechanical recycling
on the physicochemical and microstructural characteristics of thermoplastics [31,223–227].
Many of these studies have examined the impact of multiple recycling cycles on rheological
and mechanical properties, consistently finding a decline in tensile strength, impact resis-
tance, and elongation at break, indicating reduced strength, energy absorption capability,
and stretchability of the polymer.

Additionally, an increasing number of recycling process cycles have been found to
decrease the average molecular weight of the polymer chains, affecting their behavior,
and influencing the melt flow properties of the recycled material [228–232]. Moreover,
particularly in scenarios involving contaminants and microparticles, only a limited number
of studies have delved into the implications of recycling on thermoplastics [233]. The
presence of contaminants and microparticles has been reported to contribute to a reduction
in creep resistance and fatigue properties of the recycled plastics [234].

4.2. Mechanical Properties of Recycled Plastics with Additive Manufacturing

Before delving into the evolution of recycled polymers through 3D printing, it is crucial
to recognize that, in general, the mechanical properties of 3D printed parts are inferior to
those produced through injection molding. Notably, the tensile strength, elastic modulus,
elongation at break, and impact strength of 3D printed samples are significantly lower than
those of injection molded samples [235].

In injection molding, a seamless and continuous structure is achieved, ensuring uni-
formity in both material composition and structural integrity. This process results in plastic
parts with consistent properties throughout. On the other hand, 3D printing operates by
building objects layer by layer, with the quality of adhesion between these layers governing
the characteristics of the end product. The layering nature of 3D printing can introduce
porosities and imperfections, leading to variations in structural properties. Consequently,
mechanical testing often highlights the inferior properties of these dominant structural
aspects rather than the material’s properties. Therefore, factors such as print speed, print
orientation, sample size, layer dimensions and nozzle size might not have a direct impact
on the fundamental material properties of the plastic being used in 3D printing [236–238].
However, they can still manifest differences in the overall properties of the printed parts
during subsequent mechanical testing. The interplay of these factors can affect the bond-
ing between layers, leading to variations in strength, durability, and other mechanical
attributes. Therefore, establishing standards for the mechanical testing of 3D printed
materials becomes significant for research literature comparison.

However, a significant factor governing the decline in mechanical properties due to re-
cycling, as compared to using pristine materials, is degradation. In the field of 3D printing,
based on our research, we have not come across any investigations that specifically analyze
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degradation mechanisms. Nevertheless, we can hypothesize that degradation mechanisms
akin to those identified in injection molding components might also be operational in
recycled 3D printed components. Consequently, our focus will be on investigating these
mechanisms, aiming to enhance our comprehension of the potential degradation processes
that could occur in recycled 3D printed components [239]. These processes involve a com-
bination of thermomechanical degradation and thermal oxidation, with varying degrees of
impact for each process. Moreover, even within the domain of 3D printing, two distinct
processes exhibit differing levels of degradation: fused granular fabrication (FGF) and
fused filament fabrication (FFF).

In FGF (fused granular fabrication) 3D printing, the process involves three key mecha-
nisms. First, thermo-oxidative degradation occurs due to the polymer undergoing melting
at elevated temperatures. As a result, the material can experience chain scission. Secondly,
during printing, the polymer is subjected to high shear forces in the screw extruder and
nozzle, leading to additional mechanical degradation. The third mechanism involves
residence time. Unlike injection molding, FGF 3D printing has a shorter residence time
in the molten state. This is because the heating and melting process is localized to the
immediate area where material is being deposited. Quantifying the exact contribution of
each factor remains challenging. This complexity arises primarily from the interdependence
of these variables, making it difficult to isolate their individual effects. Figure 10 illustrates
a modification in one aspect, revealing the complex interconnection among these variables.

Figure 10. Effects of Decreasing Temperature on Viscosity and Residence Time: Relationship
and Interactions.

In comparison, FFF (fused filament fabrication) has similar degradation mechanisms to
FGF, including thermo-oxidative degradation, shear forces during printing, and residence
time considerations. However, FFF involves an additional step prior to printing—filament
extrusion. This preliminary step demands dedicated heating and extrusion processes,
which introduces further thermal and mechanical stresses to the material.

The study of the mechanical behavior of recycled polymers, specifically for 3D printing
applications, is relatively limited. Anderson conducted a comparative study on 3D printed
parts using virgin polylactic acid (PLA) and recycled PLA [240]. The mechanical testing re-
sults indicated that using recycled PLA for 3D printing is feasible, although certain mechan-
ical properties exhibited variations. For instance, there was a reduction in tensile strength,
an increase in shear strength, and a decrease in hardness. However, the tensile modulus
of elasticity remained statistically unchanged. Notably, the recycled filament showed
higher variability in the obtained results. In another study, the mechanical properties of 3D
printed specimens using recycled PLA were investigated. The focus was on understand-
ing the effect of interlaminar properties and short-beam strength. The findings revealed
that the short-beam strength of specimens recycled once and twice was similar to that of
virgin specimens. However, a third recycling process had a negative impact on the short-
beam strength, leading to decreased strength and increased variability in the results [241].
Vidakis et al. explored various recycling approaches for acrylonitrile-butadiene-styrene [191],
polyamide [165], polypropylene [189], high-density polyethylene [190], and polyethylene
terephthalate glycol [242]. These investigations examined the impact of thermomechanical
processing on the mechanical, thermal, and structural properties through multiple recycling

160



Polymers 2023, 15, 3881

cycles. The findings indicated that the materials exhibited increased stiffness and strength
after the third and fourth round of recycling, but this effect was not observed after the fifth
and sixth cycle. Furthermore, thermal analysis revealed no significant degradation until
the fifth round of recycling. The results also showed that the crystallinity of high-density
polyethylene and polyamide polymers decreased with an increasing number of extrusion
cycles, while multiple extrusions predominantly resulted in crosslinking and branching,
leading to an increase in mechanical properties.

4.3. Recycled Plastics Using Compatibilizers and Stabilizers

Additives play a pivotal role in plastic formulations, as they help maintain and modify
the properties of polymers, enhance overall performance, and ensure long-term usability.
Commonly employed additives effectively fulfill basic commercial requirements, primarily
aimed at preserving the properties of plastics. In some cases, the implementation of
specialized additives such as antioxidants, heat stabilizers, and light stabilizers becomes
necessary to enhance durability, particularly in scenarios involving outdoor usage [243].
Moreover, in the context of recycling plastic waste, effective management of pre-damaged
plastic is essential. This involves gaining insights into the material’s past, including the
extent of degradation that has taken place, as well as identifying and quantifying any
prior additives present. By strategically selecting and utilizing appropriate additives, the
properties of recycled polymers can be optimized, promoting their effective reuse and
contributing to a more sustainable approach to plastic waste management [244]. Table 6
outlines the primary advantages and disadvantages associated with each of the additives.

Table 6. Key Attributes of Additives in Polymer Research.

Additive Benefit Drawback

Stabilizer Prevents Degradation Infeasible
Compatibilizer Enhances Blend Compatibility Infeasible
Chain Extender Increases Molecular Weight Thermal Instability

Stabilizers are intentional additives incorporated into plastics to protect the polymer
against environmental factors such as heat, UV light, and mechanical stress. This ensures
smooth processing and extends the service life of the recycled material in its intended
application. Failure to evaluate the stability of used plastics before recycling can lead to a
decline in their properties, resulting in the production of poor-quality products. In some
cases, the substandard properties are mistakenly attributed to the recycled material alone,
when the lack of proper stabilization is the actual root cause [244].

Stabilizers play a vital role in enhancing the properties and longevity of plastics, but
their utilization in the recycling industry is not as widespread. Cost considerations often
dissuade the recycling industry from incorporating stabilizers into their recycling processes,
assuming that the virgin material already contains a sufficient amount of stabilizers. How-
ever, it should be acknowledged that the concentration of stabilizers in virgin plastics may
decrease over time, especially during reprocessing [245]. This decrease can compromise
their effectiveness, making it essential to consider adding stabilizers for recycled polymers.
Unfortunately, a lack of information regarding the quantity of stabilizers in the plastic from
its previous use poses a challenge for the recycling industry, particularly when repurposing
the material for different applications. For instance, using plastic intended for indoor use
in outdoor settings without weather-resistant stabilizers may lead to performance and
appearance issues over time. Addressing these challenges and recognizing the importance
of stabilizers in recycled plastics can greatly improve the overall quality and usability of
recycled materials.

A recent review examined the importance of stabilizers in relation to the level of aging
and oxidation in polymers, known as predamage [245]. Polymers that have undergone
substantial damage during their previous use may necessitate higher concentrations of
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stabilizers compared to pristine materials. It becomes crucial to ensure the effective stabi-
lization of polymers during their initial application to minimize degradation and ensure
high-quality recycling outcomes. Although re-stabilization may incur additional costs,
the benefits are manifold, including consistent processing, reduced downtime, improved
material properties, and the ability to provide high-quality recycled grades suitable for
a wide range of applications. Thus, the use of stabilizers is essential, even if the plastic’s
next intended purpose does not demand top-tier quality. This practice maintains product
quality for future recycling processes, contributing to a circular economy with high-quality
materials. Moreover, the optimal stabilizer package for recycled plastics, in terms of both
cost and performance, differs from that used for corresponding virgin plastics. This dif-
ference arises due to structural variations in the plastic, the presence of stabilizer residues
from the initial application, and loose policies and standards [243].

In another recent investigation [246], the incorporation of a stabilizing additive into
recycled polypropylene greatly enhanced its performance. The study utilized various
characterization techniques such as spectroscopy, rheology, optics, and mechanical testing
to assess the effects of recycling and additive incorporation. After subjecting polypropylene
to 20 recycling cycles of mechanical processing, the study identified chain scission and
oxidation of polymer chains as the main degradation processes. However, the addition of a
small amount of a stabilizing additive proved to be highly beneficial. The properties of the
recycled polypropylene significantly improved throughout the 20 reprocessing cycles. The
additive acted as a hardener and facilitated crosslinking of the recycled polymer chains,
resulting in enhanced performance.

Compatibilizers: Compatibilization involves the addition of a component which pro-
motes physical or chemical bonds between the phases of a polymer blend. Compatibilizers
are particularly important in polymer blends to enhance compatibility between different
polymers. When two or more polymers with differences in chemical composition, polarity,
and molecular weight are combined to achieve specific properties or characteristics, their
blending can be hindered, leading to phase separation or weak interfacial bonding. Com-
patibilizers address this issue by having a unique chemical structure that allows them to
interact and bond with both polymers. This interaction promotes molecular-level mixing
and improves the adhesion between the polymer phases. When recycling polymer blends,
it is often necessary to restore the original structure and stability of the material. This
can be achieved through appropriate mixing processes and re-compatibilization of the
blend. Similar to the initial preparation of the blend, it is crucial to create blends with
consistent and stable properties during recycling and operation. Re-compatibilization plays
a key role in achieving this objective as it helps to restore the original blend morphology
and promote strong interfacial bonding between the different constituents. By employing
re-compatibilization techniques, the recycled blend can maintain its desired characteristics
and ensure reliable performance [107]. Furthermore, the use of compatibilizers presents
potential opportunities for recycling mixed plastic waste, where sorting may be impractical.
Compatibilization techniques can enhance the properties of mixed plastic waste, making
mechanical recycling feasible [32].

The widespread adoption of polymer blend compatibilization is currently limited by
cost-effectiveness concerns when compared to conventional waste management methods.
Conventional approaches of diblock copolymers or in situ generated graft copolymers
have a strong historical track record of effectiveness, but they may not be economically
competitive with other waste management alternatives. Block copolymer structures are
outside the scope of the present paper. For a thorough understanding, interested readers
can refer to [247]. Nonetheless, there is considerable promise in using multiblock copoly-
mer compatibilizers. Recent advancements in this area suggest that they could offer a
viable solution to enhance the cost competitiveness of polymer blend compatibilization.
Promising advancements have demonstrated that specially designed multiblock copoly-
mers can significantly improve the blend compatibility of polymers, even when present
in extremely small amounts, such as around 0.2 weight percent (wt%). This discovery
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presents an opportunity for a cost-effective option that may be feasibly integrated into
industrial processes.

In the context of 3D printing, Zander et al. [195] processed blends of waste PET, PP, and
polystyrene (PS) into filaments for 3D printing. They investigated the effects of compatibi-
lization with SEBS elastomers on the properties of the filaments. Although the addition of
SEBS elastomers did not significantly enhance the tensile strength, morphological analysis
revealed improved bonding between the different phases of the blend. SEBS elastomers are
thermoplastic materials with rubber-like behavior and full recyclability. Furthermore, the
compatibilization process resulted in an increase in the glass transition temperature of the
materials. This expanded the performance window of the filaments, making them more
suitable for various applications.

Furthermore, despite the ongoing challenges, the use of compatibilizers presents
potential opportunities for recycling mixed plastic waste. Where sorting is technically or
economically impractical, the mechanical recycling of incompatible mixed plastic waste
may become feasible through the use of compatibilization additives.

Chain Extenders are valuable additives, primarily used in polycondensation polymers
such as polyesters or polyamides, to enhance the molecular weight of degraded polymers
by reacting with their functional end-groups. This process, known as chain extension,
involves linking low molecular weight materials with two or more functional groups to
the carboxyl and/or hydroxyl end-groups of the polymer. The aim is to mend the polymer
chains that may have broken during melt processing due to chain scissions [195].

In an ideal scenario with two end-groups per chain, difunctional additives can linearly
increase the molecular weight. However, higher functionalities may lead to branching and
cross-linking, depending on the concentration and functionality of the additive [245]. It is
important to consider that some chain extenders might exhibit limited thermal stability,
posing risks during multiple recycling cycles [248]. Furthermore, chain extension in certain
cases may cause an excess of acid groups, accelerating degradation rates [30]. Careful
selection of chain extenders is essential to maintain the desired properties of recycled
polymers while mitigating potential issues during the recycling process.

5. Conclusions

The preceding sections cover the principles and steps of mechanical recycling of plas-
tics and the recent idea of a more circular economy of plastics through distributed recycling
by additive manufacturing (DRAM), and the mechanical properties of recycled polymers.
Identified problems for plastic recycling generally stem from cost and quality as well as the
highly technical nature of polymers and their applications. Plastic recycling often strug-
gles to compete economically with the production of goods from virgin polymer sources.
The problems of collection, sorting, and cleaning have all become more complicated, not
less complicated, as more specialized plastics and applications were introduced in recent
years. Problems also stem from polymer degradation due to environmental factors. As
a solution to the recycling challenge, DRAM has emerged as a new approach with the
benefits of decentralization, individual agency, and community participation. There remain
questions to explore in establishing the feasibility of DRAM for various materials, scales,
and contexts. The use of additives for stabilization and compatibilization are reviewed in
this work and appear to be possible routes to enhance DRAM. Further study is needed on
microstructural and mechanical property changes to plastics in DRAM systems and to opti-
mize and control the fused filament and fused granule fabrication systems for maximum
DRAM performance.

The centralized recycling facility has long been the adopted solution, but the current
demands and complexities of logistics call for alternative approaches. The proposed DRAM
approach, leveraging 3D printing and localized facilities, offers a promising solution by
involving communities and addressing transportation challenges. Despite its potential, it
is crucial to acknowledge that challenges will persist in the distributed approach. These
challenges encompass various aspects such as technology access and knowledge, the
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establishment of community-based infrastructure and logistics, ensuring quality control of
3D printed components, managing material contamination and degradation, as well as the
allocation of financial resources. To overcome these challenges, a multifaceted strategy is
required, involving collaboration between governments, industries, research institutions,
and local communities. Enhancing technological literacy and providing adequate training
will empower communities to effectively utilize 3D printing technology. Investment in
building and maintaining community-based recycling facilities and optimizing waste
collection logistics will be vital for a successful distributed recycling system. Implementing
stringent quality control measures and utilizing advanced sorting and cleaning technologies
will ensure the production of high-quality 3D printed products from recycled materials.
Additionally, research and innovation in materials science can lead to the development of
more robust and sustainable recycled materials for 3D printing.

Furthermore, the benefits of this approach extend beyond natural resource conserva-
tion. Embracing 3D printing for localized recycling can support local economies, create
job opportunities, and promote technological development in underserved regions. As
technology becomes more accessible and user-friendly, the difficulties faced by inexperi-
enced communities will diminish, paving the way for increased adoption globally. The
DRAM approach presents a transformative path towards a greener, more efficient, and
community-driven recycling system. With continued research and collaboration, society
can unlock the full potential of 3D printing in plastic waste management, contributing to a
more sustainable future for generations to come.
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Abstract: Staudinger taught us that macromolecules were made up of covalently bonded monomer
repeat units chaining up as polymer chains. This paradigm is not challenged in this paper. The
main question raised in polymer physics remains: how do these long chains interact and move as
a group when submitted to shear deformation at high temperature when they are viscous liquids?
The current consensus is that we need to distinguish two cases: the deformation of “un-entangled
chains” for macromolecules with molecular weight, M, smaller than Me, “the entanglement molecular
weight”, and the deformation of “entangled” chains for M > Me. The current paradigm stipulates
that the properties of polymers derive from the statistical characteristics of the macromolecule itself,
the designated statistical system that defines the thermodynamic state of the polymer. The current
paradigm claims that the viscoelasticity of un-entangled melts is well described by the Rouse model
and that the entanglement issues raised when M > Me, are well understood by the reptation model
introduced by de Gennes and colleagues. Both models can be classified in the category of “chain
dynamics statistics”. In this paper, we examine in detail the failures and the current challenges facing
the current paradigm of polymer rheology: the Rouse model for un-entangled melts, the reptation
model for entangled melts, the time–temperature superposition principle, the strain-induced time
dependence of viscosity, shear-refinement and sustained-orientation. The basic failure of the current
paradigm and its inherent inability to fully describe the experimental reality is documented in this
paper. In the discussion and conclusion sections of the paper, we suggest that a different solution to
explain the viscoelasticity of polymer chains and of their “entanglement” is needed. This requires a
change in paradigm to describe the dynamics of the interactions within the chains and across the
chains. A brief description of our currently proposed open dissipative statistical approach, “the
Grain-Field Statistics”, is presented.

Keywords: viscoelasticity; polymer physics; paradigm of polymer rheology; entanglements; Rouse
model; reptation model; dual-phase model; grain-field statistics; sustained-orientation; shear-refinement

1. Introduction

Staudinger [1] taught us that macromolecules were made up of covalently bonded
monomer repeat units chaining up as polymer chains. The chemical nature of the monomer
directed the type of covalent bonds conferring most of the specific properties of the polymer.
The greater the number of repeat units the longer the chains and the greater the possibility
for the chains to assume a variety of shapes, from an extended elongated one to a more
compact coiled one. Also, the chemical process that resulted in the synthesis of macro-
molecules produced many chains, often not with the same shape or size. The properties of
the polymers improved when the chains became longer but it was more difficult to process
them: their viscosity increased with molecular weight; viscosity was no longer an intensive
property like it was for small liquids.

The main question raised in polymer physics was: how do these long chains interact
and move as a group when submitted to shear deformation at high temperature when they
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are viscous liquids? This question is debated in a field of polymer physics called rheology,
whose purpose is to understand the viscoelastic aspects of polymer melts deformation [2].

The current consensus is that we need to distinguish two cases: the deformation of
“un-entangled chains” for macromolecules with molecular weight, M, smaller than Me, “the
entanglement molecular weight”, and the deformation of “entangled” chains for M > Me.

Several eminent scientists have extensively studied these two cases over the last
70 years. Paul J. Flory, in 1974, and Pierre-Gilles de Gennes, in 1991, were awarded the
Nobel prize in Chemistry and Physics, respectively, for their significant theoretical contri-
bution to the understanding of these challenging problems [3,4]. For both these authors,
the properties of polymers derive from the statistical characteristics of the macromolecule
itself, the designated statistical system that defines the thermodynamic state of the poly-
mer [5,6]. The molecular weight between entanglements, Me, is defined from the rubber
elasticity theory and known to be equal to Mc/2 where Mc is the molecular weight for
the entanglements when viscosity measurements are carried out. The current paradigm
is that the viscoelasticity of un-entangled melts (M < Mc) is well described by the Rouse
model [7] and the entanglement issues raised by the impact of the increase in length of
the macromolecules on the melt viscoelasticity, when M > Mc, are well understood by the
reptation model introduced by de Gennes in 1971 [8]. Both models can be classified in the
category of “chain dynamics statistics” [9–12].

In this paper, we examine in detail the failures and the current challenges facing
the current paradigm of polymer rheology: the Rouse model [7] for M < Mc, the rep-
tation model [4,6,8] for M > Mc, the time–temperature superposition principle [13], the
strain-induced time dependence of viscosity [14], shear-refinement [15] and sustained-
orientation [16]. The basic failure of the current paradigm and its inherent inability to fully
describe the experimental reality [17] is reviewed in this paper.

We focus on re-examining some experimental facts, the most damaging, for these
two models based on chain dynamics statistics, being their inability to explain the time
dependence of viscosity under small shear strain conditions [14] and the observation of
“Sustained-Orientation”, i.e., the reversible triggering of the instability of the network of
entanglement [2,16].

In the discussion and conclusion of the paper, we suggest that new concepts are
needed to explain the viscoelasticity of polymer chains and of their “entanglement”, also
answering a question raised a long time ago [18] regarding their relaxation and thermal
analysis behavior. These concepts represent a change of paradigm to describe the dynamics
of the interactions within the chains and across the chains. A brief description of our
currently proposed open dissipative statistical approach, “the Grain-Field Statistics of Open
Dissipative Systems” [19–21], is introduced in the conclusion.

2. Development

2.1. The Great Myth of the Rouse Model: Its Failure to Describe the Rheology of Unentangled
Melts (M < Mc)
2.1.1. (In)validation of the Rouse Model Using Dynamic Data G′(ω), G′′(ω)

A classical misconception, already emphasized in other instances ([13], ch. 3 of Ref. [2]),
is the statement that polymer melts below Mc follow the predictions of the Rouse model [7].
The myth is so well established that the majority of the authors make this statement without
fully verifying the accuracy of the allegation using their own data to validate it.

We give two examples of authors claiming that their data can be fitted by the Rouse
model, and present good reasons to dispute such validation. The data both concern dynamic
rheological results obtained on a series of monodispersed polystyrene (PS) samples [22,23].
The first set of dynamic data is from Matsumiya and Watanabe (The data were kindly pro-
vided by Prof. Watanabe, who also clarified some of the experimental issues by email) [22].
It applies to a monodispersed PS with M = 27,000 obtained at four temperatures T = 115 ◦C,
120 ◦C, 130 ◦C and 140 ◦C. The second set of dynamic data is from Majeste who studied
in his thesis a series of monodispersed PS samples both unentangled and entangled [23].
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Note that for Matsumiya and Watanabe’s results the temperatures are all located below the
TLL temperature for this molecular weight (164.1 ◦C, see Equation (18) in [24]), whereas
the temperature of T = 160 ◦C is the reference temperature chosen by Majeste to shift the
other frequency sweep isotherms and obtain the mastercurves for eight unentangled PS
samples. As we learn in [24], TLL varies with M for PS like Tg(M) + 70.44 ◦C, so the choice
of T= 160 ◦C for the mastercurves in Majeste’s data at various M positions the analysis
of the data very near below or above TLL for all the molecular weights below Mc. This
contrasts with Matsumiya and Watanabe’s data analysis.

The Rouse model is very simple to apply to a set of data: one needs the longest
relaxation time, τR, at a given temperature, and the melt modulus GN. The melt modulus,
GN = ρRT/M, is calculated using the well-known modulus formula taken from rubber
elastic theory, where ρ is the melt density, M the molecular weight, and T the value of
the temperature (R is the gas constant). In other words, when the molecular weight and
the temperature are given, the Rouse model only depends on one parameter, τR. The
value of τR is linearly correlated to the Newtonian viscosity at that temperature, η*o; it
is also the inverse of the cross-over frequency of G′(ω) and G′′(ω), ωx, also at the same
temperature. The secondary relaxation times, τp are found from τR: τp= τR/p2 with p= 1
to N= M/Mo where Mo is the mer molecular weight (For PS and M = 27,000 N = 257). A
simple spreadsheet permits the calculation of G′(ω) and G′′(ω) according to the following
Equation.

G∗
ROUSE (ω) = ρRT

M

N
∑

p=1

ω2τ2
p+jωτp

1+ω2τ2
p

withτp = τR
p2 gives:

G′(ω) = ρRT
M

N
∑

p=1

ω2τ2
p

1+ω2τ2
p

G′′ (ω) = ρRT
M

N
∑

p=1

ωτp

1+ω2τ2
p

. (1)

The density ρ of the PS melts is given by Fox–Flory (Ref. 36 of [23]):

1
ρ
= 0.767 + 5.510−4T +

6.4310−2T
M

(2)

The Rouse time τR is given by:

τR =
6ηo

π2
M

ρRT
(3)

The Newtonian viscosity ηo is determined at each temperature using the empirical
Cole–Cole equation [25] to fit the data log(η*(ω)) vs. logω and extrapolate to ω → 0.
For PS M = 27,000, the temperature dependence of the Newtonian viscosity varies with
temperature following the Vogel–Fulcher equation [26]:

log(η0(T)) = A + B
T−T∞

with A = −3.20583, B = 703.5571, T∞ = 44.78◦C = 317.93◦K
(4)

As already mentioned, the Rouse time can also be determined, τR = 1/ωx, from the
cross-over of the Maxwell straight lines passing through the low ω data points of logG′(ω)
and logG′′(ω) vs. log(ω), by forcing their respective slopes to be two and one in the low ω

line regressions, respectively, and calculating the coordinates of the intercepting straight
lines.

Let us look at the match between the experimental results of Matsumiya and Watanabe,
and the Rouse Equation (1). Figures 1–4 compare the results for T = 130 ◦C.
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Figure 1. Comparison of log G′(ω), G′′(ω) vs. logω for Data of Matsumiya and Watanabe [22] and
the predictions of the Rouse model pursuant to Equations (1)–(4).

Figure 2. % error G′(ω) and G′′(ω) with respect to Rouse simulation in Figure 1 plotted against ω.
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Figure 3. Comparison of the Rouse model prediction of log η*(ω) vs. logω and the data of Matsumiya
and Watanabe [22] for PS (M = 27,000) at T = 130 ◦C (same data as in Figure 1).

Figure 4. Comparison of χ = (G′/G*)2 vs. logω for the data in Figures 1–3 and the predictions of the
Rouse model pursuant to Equations (1)–(4).
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Figure 1 displays the dynamic moduli G′(ω) and G′′(ω) for the data (symbols) and
the Rouse Equation (1) (red and blue lines). At first glance, one may say that the fit is
remarkably good if one realizes that there is just one fitting constant involved, τR, the
Rouse model providing a theoretical basis to determine the other constants GN and τp. The
fit is especially good for G′′(ω) in the lower frequency region, explaining why the Rouse
equation is often validated in the Newtonian range using the viscosity as the variable
(G′′/ω →η*o at low ω). But, as we have expressed many times ([13], Ch. 3 of [2]), a close
examination of the plot makes visible all the objective reasons to reject such a model, which
turns out to provide an unacceptable fit of the data. Figure 2 provides the proof.

One of the reasons the apparent fitness of the Rouse model to the data in Figure 1
looked “good”, is that we used log scales on both axes, which clearly compresses the
resolution in order to display the overview picture. The log compression of the ω axis
covers only three decades of variation of ω, from 0.1 to 100 rad/s. When the curves are
mastercurves obtained by horizontal shifting, the log compression extends one-to-three
more decades, which makes the appearance of a good fit even better because of the further
data compression. Such is the case in the figures presented in Majeste’s thesis, for instance,
when they compare the data to the Rouse equation projections [23]. Even in Figure 1, which
is not a mastercurve, one can see unacceptable discrepancies when comparing the results:
the G′(ω) curves never seem to overlap, a fact proven in the next figure that shows that
the residuals for the errors are totally curved when they should be random (i.e., with the
points of the residual plot randomly disposed on both sides of the zero horizontal line).
Figure 2 provides the % error between the data and its corresponding Rouse prediction.
The verdict is crystal clear: there is no range where the fit can be considered acceptable, not
even in the low frequency zone, in the terminal region, where Figure 1 gives the illusion of
some relative success, especially for G′′(ω) as we mentioned earlier. For all the values of ω
the residuals are badly curved, the error is two-to-five times the accuracy for measuring
the modulus: the Rouse model fails to fit the dynamic behavior for this M < Mc melt. This
is true for T = 130 ◦C in Figure 2, as well as for the three other temperatures chosen by
Matsumiya and Watanabe (Data not shown). In fact, the errors become much worse for
T = 120 and 115 ◦C. Only T = 140 ◦C shows a decrease in the magnitude of the errors, yet
the residuals are still badly curved.

Figure 3 compares the data and the Rouse dynamic viscosity η*(ω). As in Figure 1,
the illusion of a good fit is what is apparent at first, perhaps even more so for the viscosity
than for the moduli. All the features of shear-thinning are displayed by the Rouse model:
the Newtonian plateau and the decrease in viscosity with strain rate at higher frequency.
Yet, these are the same data that produced the unacceptable errors in the determination of
G′(ω) and G′′(ω) in Figure 2. One sees how the choice of the variables and the use of the
log scale can easily mislead the conclusion.

As we said, the elegance of the Rouse model is its lack of fitting constants, being based
on a molecular understanding of the motion of a macromolecule to produce flow. The
Rouse equation that we have written above can even be further tuned down to include the
expression of the radius of gyration of a single macromolecule, RG, which can be measured
by light or neutron scattering. However, if we desire to optimize the fit between the Rouse’s
predictions and the experimental data, we need to make “loose” the value of τR or GN
in Equation (1) and introduce them as regression parameters. The regression fits at low
ω become much improved as we do that, yet it is at the expense of the physical Rouse
reality: the value of τR and GN values found by regression become 2000 to 5000% different
from their respective values pursuant to the Rouse model (GN = ρRT/M). For instance, if
the value of GN is made different for the G′(ω) than for the G′′(ω) equation in the Rouse
formula (Equation (1)), the fits are considerably improved but the molecular explanation of
the model goes down the drain. See below.

Figure 4 is a graph that displays an important apparent discrepancy between the
prediction of the Rouse model and the data in the non-Newtonian range of ω. The graph
compares the value of χ = (G′/G*)2 at various ω either measured experimentally by
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Matsumiya and Watanabe [22], the black squares, or calculated from the Rouse model
(the red dots). What we mean by “discrepancy” is that the large departure between the
Rouse model and the data seen in Figure 4 can be demonstrated (as shown below) to not be
caused by a transitional high-frequency relaxation process that needs to be introduced to
correct the data, it is the demonstration of the failure of the Rouse model to describe shear-
thinning correctly. The range of the data investigated in Figure 4 is the lower and middle
ω range for shear-thinning, a phenomenon expressing the shear dependence of viscosity,
classically exhibited as a departure from the Newtonian range, itself only observed at very
low frequency (ω < 100 = 1 rad/s). The reason we bring this up is to differentiate our
conclusions about the origin of the differences (observed at higher frequency in Figure 4) as
a failure of the Rouse model, from the explanations by many other authors, such as Majeste
in his thesis, who have claimed, that the Rouse model basic equations can be corrected to
include the influence of the transitional high frequency relaxation terms on the dynamics
of flow, thus would have attributed the differences in Figure 4 to the lack of corrections
pursuant to the transitional high-frequency relaxation terms. We dedicate the following
section to disprove the applicability of these authors’ argument.

We have expressed in several previous publications [2,14,27] our interest in the variable
χ = (G′/G*)2, equal to cos2δ, also equal to 1/(1 + tan2δ), where δ is the phase angle between
stress and strain. This parameter χ, we have suggested, is more appropriate than other
traditional rheological variables (such as G′′ or tan δ) to describe the viscoelastic character of
the melt, especially when it is formulated in terms of the Dual-Phase and Cross-Dual-Phase
parameters [20]. The maximum of χ(ω), visible in Figure 4, corresponding to a minimum
of tan δ, is known to occur for entangled (M > Mc) melts, and its frequency occurrence
is attributed to the beginning of the rubbery plateau. In the case of unentangled melts,
however, such as is the case for the sample of Watanabe and colleagues in Figure 4, the
current paradigm understanding is that there is no rubbery plateau and therefore the
phenomenon giving rise to the maximum in Figure 4 must have a different origin than the
onset of entanglements. Since the absence of the rubbery plateau implies the juxtaposition
of the terminal region and the Tα transitional region, many authors were led to attribute
the departure they saw in their higher frequency data to the presence of the transitional
high-frequency relaxation terms, the so-called Tα terms. Note that the Rouse model is not
capable, on its own and without correction, of making χ exhibit a maximum (or a minimum
of tan δ). The simple reason is that, in the Rouse mathematical formulation limited to
τR, χ is equal to G′/GN, (see Equation (16) of Ref. [13]). Since its G′(ω) never exhibits a
maximum for all molecular weights and all values of the frequency ω, the Rouse model is
doomed to fail to explain the maximum in Figure 4 without adding at least an extra term.

This failure is, indeed, recognized by the molecular models of the unentangled state
which have considered correcting the Rouse modulus to include an extra term due to these
high-frequency relaxations. Likewise, earlier models than the dynamic molecular Rouse’s
model that tackle viscoelastic network deformation by expressing the moduli in terms
of a spectrum of relaxations have shown the need to correct the high-frequency terms.
For instance, Gray, Harrison and Lamb [28] considered a continuous and dissymmetric
distribution of the relaxation times of the type Davidson and Cole [29] resulting in the
modification of the complex compliance to include three terms. This manipulation of the
spectrum of relaxation did result in a very good fit between the data and the corrected de-
formation model, such as applied to Rouse [25], but amounts to modify-to-fit the spectrum
of relaxation without a sound physical foundation to justify it. The use of mathematical
patches to make failing models fit the results may be useful if they point to the right
direction to what needs to be done theoretically to modify the initial assumptions of the
model. In the case of models based on the spectrum of relaxation profile, the Gray et al.’s
corrections of the spectrum of relaxation represents a real success. In the case of the Rouse
model, we have quoted in Ref. [13] (Equation (18)) an expression due to Allal [30] that has
been claimed to extend the range of fitness of the Rouse expression of G′(ω) and G′′(ω)
to higher frequencies. Majeste used Allal’s method to correct his data and claimed that it
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improved the fits to the Rouse model [23]. We evaluate in detail below the merit of such
improvements and its relevance to explain the discrepancy in Figure 4.

Equation (5) explains the Allal’s high-frequency correction which adds a new term,
G*HF, to the complex modulus.

Modulus according to Rouse :

G∗
ROUSE(ω) = ρRT

M

N
∑

p=1

ω2τ2
p+jωτp

1+ω2τ2
p

τp = τR
p2

G∗(ω) = G′(ω) + jG′′ (ω)
For the High Frequency terms :

G∗
HF(ω) = G∞

[
1 − 1√

1+jωτ′o

]
τ′

o = 1
π2

ξob′2
kT

Total Modulus :
G∗(ω) = G∗

ROUSE(ω) + G∗
HF(ω)

(5)

In this equation, G∞ is the glass modulus, ξo the monomeric friction coefficient, b’
the monomeric length, j the imaginary unity number (j2 = −1) and k is the Boltzmann’s
constant (1.38065 × 10−23). We have found two sets of values for the molecular parameters
introduced in Equation (5): ξo, b′ and G∞. Leonardi (Table II-1 of Ref. [31]) studied a PS
with Mw = 326,000 and polydispersity I = 3.4 and gives the following values: ξo = 6.3 ×
10−8 Kg/s, b′ = 7.4 × 10−10 m and G∞ = 6 × 109 Pa. This PS sample is entangled and poly-
dispersed. For T = 130 ◦C (i.e., 403 ◦K in Equation (5)), the value of τ′o is: 6.2823 × 10−7 s.
Majeste [23] studied 8 monodispersed unentangled PS samples and provides for those
grades the following values: ξo = 2.7 × 10−14 Kg/s, b′ = 3.7 × 10−10 m and G∞ = 1 × 109 Pa.
For T = 130 ◦C we now find τ′o = 6.7310 × 10−14 s. This high-frequency relaxation time
is one million times smaller than that found for the Leonardi’s entangled PS. It is unclear
why the fundamental molecular parameters entering the Allal’s high-frequency relaxation
correcting term would make τ′o vary significantly with the length and the polydispersity
of the chain. Could it be a new characteristic of entanglements? The physical reason for
such a huge variation of τ′o appears doubtful because the high-frequency component is
supposed to represent the local relaxation at the monomeric level and should not depend,
at least approximately, on the length of the chain, whether it is entangled or not. Such large
differences in the values of ξo and b′ between the two PS samples of Majeste and Leonardi
do not make sense. Additionally, assuming that the value of ξo and b′ tabulated by either
Majeste or Leonardi are acceptable, we have found another reason to be concerned with
the Allal’s formulation of the Rouse’s correction and it is exposed below.

G*HF is a complex number in Equation (5) that can be decomposed into an elastic and
viscous component by way of the de Moivre’s formula to remove the square root:

G′
HF = G∞

(
1 −√

ρHFcos(θHF/2)
)

G′′
HF = −G∞

√
ρHFsin(θHF/2)

with :

ρHF = 1√
1+ω2τ′2o

tan(θHF) = −ωτ′
o

(6)

Figure 5 is a graph of G′
HF(ω) and G′′

HF(ω) versus logω for T = 130 ◦C using the
ξo, b′ and G∞ constants of Leonardi plugged into Equations (5) and (6). The data range
region covers the ω range between 0.1 and 100. The higher values of ω are added to
show how Allal’s formula works. In this figure, in the data range region, the magnitude
of the value found for G′′

HF(ω) is greater than its G′
HF(ω) counterpart by more than five

decades! When we add these high-frequency correction moduli, G′
HF(ω) and G′′

HF(ω), to
the Rouse modulus G′(ω) and G′′(ω), respectively, using the PS M = 27,000 sample, we
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observe that G′(ω) remains unchanged because G′
HF(ω) is irrelevantly small, and that the

corrected G′′(ω) is worse than the uncorrected G′′(ω) Rouse modulus in the low ω region,
the very region where the fit to the real data was not so bad. This is shown in Figure 6, a
plot of G′′(ω) = G′′

ROUSE(ω) + G′′
HF(ω) , using the Leonardi’s parameters, versus G′′(ω)

data. The Rouse modulus corresponds to the red dots, the corrected Rouse modulus is
represented by the black square, the perfect fit is the straight line y = x. One sees that
the black squares are further away from the perfect fit. The conclusion is that the Allal’s
high-frequency correction appears to render the fit worse than the pure Rouse equation:
the Rouse correction cannot be applied to the PS 27,000 data using Leonardi’s PS molecular
parameters. The other possibility is that only the molecular constants of a monodispersed
unentangled PS should be used in the Allal’s equations when applied to PS 27,000 which
is also unentangled and monodispersed. Figure 7 is the same graph as Figure 5 but uses
the molecular parameters assumed by Majeste, everything else being the same. One sees
that the correction moduli, G′

HF(ω) and G′′
HF(ω), are now both too small to add anything

relevant to the values of the uncorrected Rouse moduli in the data range used to analyze
this polymer. This is confirmed in Figure 8, similar to Figure 6 but now using the Majeste’s
constants in the Allal’s equation. In Figure 8, the graphs before and after correction are
identical and still very poorly fitting the data.

Figure 5. Calculated high frequency (HF) moduli, G′
HF(ω), G′′

HF (ω) vs. logω, pursuant to Allal [30],
Equations (5) and (6), using the molecular parameters provided by Leonardi in [31] for a PS specified
in the graph.

In conclusion, the Allal’s high-frequency terms added to the Rouse terms does not
improve fitting the data. The use of the Rouse formulation should be limited to the
Newtonian (terminal) region and is not adequate to describe shear-thinning of unentangled
polymer melts.
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Figure 6. Plot of simulated G′′(ω) using Rouse and the HF corrections from Figure 5 against G′′(ω)
for the data of Matsumiya and Watanabe, in Figure 1. The red dots apply to the uncorrected Rouse
Equations (1)–(4) and the black squares to the corrected G′′(ω) after adding G′′

HF(ω) calculated from
Equations (5) and (6). The straight line is Y = X, assuming a perfect fit.

Figure 7. Calculated high frequency (HF) moduli, G′
HF(ω), G′′

HF (ω) vs. log ω, pursuant to Allal [30],
Equations (5) and (6), using the molecular parameters provided by Majeste in [23] for a PS with the
specifications of the Matsumiya and Watanabe’s sample.
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Figure 8. Plot of simulated G′′(ω) using Rouse and the HF corrections from Figure 7 against G′′(ω)
for the data of Matsumiya and Watanabe. in Figure 1 The red dots apply to the uncorrected Rouse
Equations (1)–(4) and the black squares to the corrected G′′(ω) after adding G′′

HF(ω) calculated from
Equations (5) and (6). The straight line is Y = X, assuming a perfect fit.

Note that Majeste applied the Allal’s corrections to the mastercurves obtained after
shifting the isotherms to T = 160 ◦C. This shifting expands by a couple of decades the span
of frequency toward the higher frequency region. Yet, looking at Figure 7 and expanding
the data range to the right by two or three decades will not increase the values of G′

HF(ω)
and G′′

HF(ω) sufficiently to explain the large residuals observed in Figure 2. In addition,
the time–temperature superposition principle needs to be validated over the data range
analyzed in order to apply it with confidence, and, as will be shown below, the time–
temperature shifting validity is limited for the Matsumiya and Watanabe’s PS to the low ω

range, below the maximum of χ vs. logω in Figure 3.
The reason we conclude that the Allal’s high-frequency term has nothing to do with

the maximum of χ observed in Figure 3, which occurs around ω = 10 rad/s, is the value of
τ′o in the expression of G*HF in Equation (5). With the values provided by Leonardi, τ′o is
around 10−6 to 10−7, which, we agree, is “big enough” to start to have an impact in the ω

= 0.1 to 100 rad/s range. However, we saw that the parameters provided for the Leonardi’s
PS made the Allal’s corrections worse, not better. For the other option, with τ′o~10−14 to
10−13, the values provided by Majeste, corresponding to the vibrational motions in the
glassy state, it is clear that Allal’s correction G*HF(ω) will practically remain equal to 0 until
the frequency is near resonance, i.e., until ω~1/τ′o.

In conclusion, although the basic idea of adding a “glassy component” to the behavior
in the terminal region makes sense to try to complement the Rouse’s basic molecular
dynamic contribution, it does not appear to be correctly addressed by Allal’s formula. In
addition, as we will show using the data of Matsumiya and Watanabe, the time–temperature
superposition principle only applies satisfactorily within a limited range of temperature,
which raises some questions regarding the accuracy of the shifted data at high frequency in
the case of the Majeste’s data.

In conclusion, the “satisfying improvement of the fitting of the data” claimed by Ma-
jeste to be the result of adding the high-frequency Allal’s correction is definitely overstated,
to say the least. For instance, Figure 1.88 (M = 8500) of Majeste’s thesis (not reproduced
here) clearly shows that the improvement is not satisfactory, according to our standards:
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all the calculated G′(ω) values calculated after corrections are systematically off the data
values, even in the terminal region, and using log–log axes. This seems to be the same type
of fitting failure observed for G′(ω) in Figure 1 for the M = 27,000 PS.

2.1.2. (In)validity of the Rouse Formula to Predict the Molecular Dependency of τR
below Mc

We said that the Rouse model was not capable of describing well the dynamics of
shear-thinning for unentangled melts, but also added that its use could be limited to the
Newtonian region. Does this mean that the Rouse model is correct/useful in the terminal
regime of viscoelasticity? This is what we want to examine in this section.

Equation (3) is often used to validate the Rouse model. There are two ways to verify
this formula, one at T constant, M variable, i.e., using the Majeste’s data at T = 160 ◦C, and
by working at M constant and varying T, i.e., using Matsumiya and Watanabe’s data at M
= 27,000 and T variable between 115 and 140 ◦C.

As we already mentioned before, the Maxwell lines cross-over, ωx, can easily been
found from fitting the low ω region where G′(ω) and G′′(ω) can be forced to verify the
Maxwell’s slopes of 2 and 1 when plotted against ω on log–log axes. This provides an
accurate way to determine τR=1/ωx.

Molecular Weight Dependence of the Rouse Time, τR from the M < Mc Majeste Data

The Rouse theory implies that τR is proportional to M2, which is equivalent to predict-
ing that ηo is proportional to M.

Figure 9 is a plot of log ωx vs. logM for the 8 unentangled samples of Majeste at
T = 160 ◦C. We expect to see a slope of −2 if the Rouse formula is validated.

Figure 9. Logωx vs. log M for un-entangled PS samples [23].

The graph in Figure 9 is better described by two straight lines than by just one. The
crossing of these two lines occurs for log M~3.67 (M = 4700) that we have designated M′

c.
The regression line passing through the points M > M′

c has a (forced) slope of −3.0 ± 0 and
an intercept equal to 15.92 ± 0.033 (r2 = 0.987, χ2/DoF = 0.0067). This regression straight
line is the red line drawn in Figure 9 passing randomly through six data points including
M′

c. The unconstrained slope, −2.92 ± 0.16 (r2 = 0.994), also points towards a slope of −3.
The conclusion is that the slope is not equal to −2 as it should be if the Rouse formula

had been validated. It is clear that a slope of −3, although unexpected, is closer to what
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is measured (−2.92). In such a case, ηo would vary against M2 instead of M. The other
observation concerns M′

c that we find at approximately M = Mc/8 (4375). This same M′
c

“transition” in the log viscosity–logM curve is observed using viscometry data on the same
monodispersed PS, but this is not the subject of this presentation. Needless to say, the Rouse
model does not predict the presence of M′

c. We let the reader know, in that regard, that in
our Dual-Phase model of polymer interactions to describe viscoelasticity [20], the transition
M′

c is predicted and represents the molecular weight for the formation of stable macrocoils,
the first rheological manifestation of the macromolecular aspect of the interactive systems
of mers.

Temperature Dependence of τR at M Constant

Equation (3) involves the Newtonian viscosity, ηo, the shear elastic modulus of the
melt, GN = ρRT/M, and τR computed from the cross-over frequency: ωx = 1/τR. GN is
calculated by Equation (2) and the Newtonian viscosity by Equation (4). All these variables
are temperature dependent and known. We can test its validity by plotting the product GN
τx(T) versus η*o(T). The Rouse equation is validated if the slope is equal to 6/π2 = 0.608

A linear regression applied to the 3 upper isotherms, T = 140 to 120 ◦C, is represented
by the red segment in Figure 10. It is a quasi-perfect linear fit with r2 = 1.0; the slope, 0.6151,
is almost exactly what is projected by the Rouse model (0.60935). The extrapolation is
slightly off the T = 115 ◦C data point at the top of the figure, but this offset is expected and
will be explained in the next section.

Figure 10. Validation of Rouse Equation (3) between GN, τx and n*o in the Newtonian region using
the data of Matsumiya and Watanabe [22] for PS with M = 27,000.

In other words, the Rouse model correctly describes the relationship between ηo(T)
and τR(T) at M constant and correctly assigns the ratio of the viscosity to the relaxation time
(G*/τR) to the melt modulus: (6/π2) GN. This result is not a minor achievement of the

Rouse model. This correct prediction of GN(T) may explain its popularity at a time when
the relaxation processes in polymers were mainly described by networks of spring and
dashpots placed in series (Maxwell network) or in parallel (Voigt network). In these
networks, the relaxation time was equal to the ratio of the spring modulus to the dashpot
viscosity (τ = G/η).
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Yet, the validation of Equation (3) provided by Figure 10 corresponds to validating
GN from G′′(ω) in Equation (1) since η*o = lim (G′′/ω) when ω → 0. Equation (1) assumes
that G′(ω) and G′′(ω) have both the same terminal relaxation time, τR, and the same
normalization modulus, GN. Equation (3) can easily be derived from the G′′(ω)/GN side of
the Rouse formula:

G′′
ROUSE(ω) = GN

N

∑
p=1

ωτp

1 + ω2τ2
p

when ω → 0 the G′′
Rouse (ω) simplifies to :

G
′′
ROUSE (ω) = GN

N

∑
p=1

ωτp

1
= ωGNτR

N

∑
p=1

1
p2

from which we derive :

G′′

ω
= ηo = GNτR

N

∑
p=1

1
p2

For M = 27, 000 g/ mole and Mo = 105 g/ mole N = 259

1 +
1
4
+

1
9
+

1
16

+ . . . +
1

2592 = 1.6410805

For N → ∞ , the sum equals π2/6 = 1.644926 = 0.60793−1

Hence :

τR =
ηo

GN

1

∑N
p=1

1
p2

= 0.60935
η0

GN
∼ 0.61

η0
ρRT
M

(7a)

The last line of Equation (7a) is Equation (3) verified by Figure 10. In other words,
G′′(ω) is correctly normalized by the rubber elasticity theory modulus GN when ω is in the
Newtonian range.

We now need to check that the G′(ω)/GN part of the Rouse formula in Equation (1) is
also validated in the Newtonian range at ω → 0.

G′
ROUSE(ω) = GN

N

∑
p=1

ω2τ2
p

1 + ω2τ2
p
= ω2τ2

R

[
N

∑
p=1

1
p2 + ω2τ2

R

]

with GN =
ρRT
M

when ω → 0
N

∑
p=1

1
p2 + ω2τ2

R
→ 1.64108

and :
G′

ROUSE (ω, T)
GN

= 1.64108ω2τR
2

Hence, in the Newtonian regime:

log
(
G′) = 0.21513 + 2log(τR) + log(GN) + 2log(ω)

Intercept of Maxwell straight line relative to G′, I′M :

I′M = 0.21513 + 2log(τR) + log(GN)

so: log(GN)exp = I′M − 0.21513 + 2log(ωX)

(7b)

The testing of the Rouse equation in the Newtonian regime conducted from a G′(ω)
point of view can be done by plotting first log G′(ω) vs. logω and fitting the low ω range
with a Maxwell’s straight line of slope 2. This is shown in Figure 11 for the M = 27,000 PS
of Matsumiya and Watanabe. at T = 130 ◦C. The intercept is I’M = 4.6973. The value of ωx
to calculate τR, ωx = 1/τR, imposes itself because τR is the same for G′(ω) and G′′(ω) in
the Rouse equation and thus ωx must be at the cross-over point where G′(ωx) = G′′(ωx).
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When ωx and I’M are known, Equation (7b) provides the value of GNexp calculated from
G′(ω). We repeat the same operation for the other temperatures that show a Maxwell’s
behavior at low ω, i.e., for T = 120 ◦C and 140 ◦C. The T = 115 ◦C plot, similarly to what we
saw in Figure 11, does not present a range of data points that could be fitted by a straight
line with slope 2 in the low ω data range). For the Rouse model to be validated we should
have GNexp = GN = ρRT/M: so, if we plot GNexp(T) vs. GN(T), we should find all the points
on the line Y = X. The values of ωx, GN, I′M and GNexp are confined in Table 1.

Figure 11. Testing the Rouse equation in the Newtonian regime from a G′(ω) point of view pursuant
to Equation (7a): A plot of log G′(ω) vs. logω is fitted in the low ω range with a Maxwell’s straight
line of slope 2. The value of GN is derived from the fit.

Table 1. Working variables to test the Rouse model (see text): “Rau” = ρ; “tau” = τ.

T oC
Log τx

τx =1/ωx

Log η*o

Pa-s
(Eq. (4))

ρ (g/cc)
melt

density

GN (Pa)
PS 27,000
ρRT/M

GN x τx
η*O

Pa-s
I′M

See text

GN

calc. from
G′(ω)

1 115 1.52824 6.8135 1.01854 121,744.4 4.11 × 106 6.51 × 106 -

2 120 0.84678 6.14749 1.01568 122,966.2 864,105.4 1.40 × 106 6.78861 75,843.4

3 130 −0.27389 5.04994 1.01 125,389.1 66,736.86 112,187.5 4.6973 107,141.6

4 140 −1.15712 4.18292 1.00439 127,785.1 8899.472 15,237.84 3.02546 133,217.8

Figure 12 demonstrates the clear failure of the Rouse model to predict in the Newtonian
region the correct GN value that normalizes the G′(ω) moduli data of Matsumiya and
Watanabe. We can draw a straight line passing through the three data points in Figure 12
and a linear regression gives: GNexp = (−1.39 × 106 + 11.9 GNRouse) with r2 = 0.999. One sees
that GN calculated from G′(ω) is not equal to GN calculated from G′′(ω) and, therefore, the
validation of the Rouse model that emerged from Figure 10 based on the G′′(ω) Newtonian
branch of the Rouse Equation (1) is contradicted without ambiguity by Figure 12. The
only temperature at which the two GN values coincide is at the crossing of the Y = X and
the red line in Figure 12, occurring for GN = 127,500, which, according to GN(T) occurs at
T = 137.5 ◦C. We cannot predict, without the necessary experimental data to test it, whether
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the invalidation of the Rouse model persists at higher temperature, for instance above
TLL~164 ◦C for this polymer.

Figure 12. Invalidation of Rouse Equations (1)–(4) in the Newtonian regime from a G′(ω) point of
view pursuant to Equation (7a): the value of GN is totally different from the Rouse value determined
from G′′(ω).

We saw in Figure 9 that the Rouse model failed to describe the molecular dependence
of ωx when Equation (3) was applied to the Majeste data at T = 160 ◦C. This meant to say
that the Rouse modulus, GN, although good to predict GN(T) when calculated from G′′(ω),
was not good to predict GN(M). What about the value of GN(M) found from G′(ω): does it
match the Rouse model molecular modulus, GN = ρRT/M with ρ(M) given by Equation
(2)?

Comparing the Calculations of GN from the G′(ω) or G′′(ω) Sides of the Rouse Equations
and Invalidating the Rouse Approach

In order to proceed with this new (in)validation step, we find for each unentangled PS
sample of Majeste’s thesis the value of I’M given by Equation (7b) by plotting log G′(ω) vs.
logω. This is illustrated in Figure 13 for M = 13,000. We already know the values of ωx for
all these samples (Table 2) and thus can calculate the value of log GNexp (M) for each M and
compare it with the corresponding value of GN from the Rouse equation. This comparison
is done in Figure 14. Finally, Figure 15 compares the log GN vs. log M at T = 160 ◦C for
the Majeste PS unentangled samples with GN coming from three sources: from the Rouse
Equation (black squares), from Equation (7a), i.e., the G′′(ω) data based on ωx and ηo (blue
triangles), and from Equation (7b), i.e., the G′(ω) data based on ωx and I′M (red dots).
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Figure 13. Same testing of the Rouse equation as in Figure 11, here applied to Majeste’s data [23] at
T = 160 ◦C, M = 13,000.

Table 2. Working variables to test the Rouse model (see text): “Rau” = ρ; “tau” = τ.

M
g/mole

ρ

g/cm3

Log GN

calc from
ρRT/M

I’M
(see text)

ωx(M)
Maxwell

rad/s

Log GN

calc from
G′(ω)

Log η*o

(Pa-s)
[23]

Log GN calc from
G′′(ω)

1 2000 0.98129 6.24709 −6 7.73 × 106 7.56106 −3.03205 3.6399

2 4000 0.98803 5.94903 −3.38286 238404.6 7.15664 −1.88678 3.27439

3 5050 0.98945 5.84842 −3.19938 56491.44 6.08946 −0.6361 3.89974

4 8500 0.99164 5.62326 −1.35373 14874.16 6.77601 −0.17089 3.78539

5 11600 0.99251 5.4886 −1.20429 4096.45 5.8054 0.36388 3.76014

6 13000 0.99276 5.43922 −0.23375 4769.655 6.90809 0.83051 4.29285

7 17500 0.9933 5.31037 0.53143 1815.841 6.83446 1.6037 4.64663

8 25000 0.99378 5.15567 1.42833 501.593 6.6139 2.38771 4.87192

2.1.3. Conclusion Regarding the Myth of the Applicability of the Rouse Equation to the
Rheology of Unentangled Polymer Melts

The results of our investigation regarding the applicability of the Rouse model are pro-
vided in Tables 1 and 2. These results and the figures drawn from them are devastating for
the Rouse model’s validation to describe polymer melts. Its failure to describe experimental
data is so flagrant and demonstrated in so many ways that it is almost incomprehensible
that both authors of the data which we re-analyzed concluded that the Rouse model satis-
factorily described their data. Take Figure 15 for instance, the black squares on the straight
line are the points given by the Rouse formula for GN, the melt modulus. The red dots and
the blue triangles are calculated from the Rouse equation (Equation (1)) taking either the
G′(ω) or the G′′(ω) expressions in the Newtonian range to find GN, respectively. These red
dots and blue triangles should all be disposed on the black line if the Rouse theory was
applicable to these data. What we observe, instead, is unambiguously different: the red
dots are all located above the black line, shifted vertically by almost a decade and a half
and the blue triangles are all scattered below the black line, almost forming a straight line
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pattern. The myth of the Rouse model applicability to unentangled polymer melts is so
anchored in the current paradigm that even the most reliable polymer scientists fail to test
it fully on their own data.

Figure 14. Comparison of the GN values calculated from G′(ω) and G′′(ω) in the Newtonian region
using the Rouse Equations (1)–(6). The points should be on the Y = X line for validation of the Rouse
model.

Figure 15. Comparing the value of GN calculated from G′(ω), G′′(ω) and from the Rouse’s formula
based on the rubber elastic theory.
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An important conclusion of the failure of the Rouse model to satisfactorily describe
rheological data for unentangled polymer melts is that the normalizing melt modulus, GN,
is different for the elastic and the viscous components, G′(ω) and G′′(ω) of the complex
modulus, G* = G′ + jG′′. We can call them G′

N and G′′
N, respectively. We could also push

this exercise one step further and consider that the elastic and viscous components of G*
have different terminal times, say τ′R and τ′′R, respectively. The Rouse equation remains
the same, formerly, but we have made the real and the imaginary terms of the complex
function G* “independent”. These two terms might still be coupled but in a way different
than what is implied by the un-modified Rouse equation. We have already mentioned
above that making the GN and τR constants “loose” in the non-linear regression of the
Rouse formula improved the fit of the data a great deal. We also added, however, that
this bifurcation from the Rouse basic formula inevitably took us away from the Rouse
molecular reality. But what is the real molecular reality? Is the modulus of the melt truly a
complex entity with elastic and dissipative coordinates? The Rouse equation establishes
very simply the viscoelastic nature of the melt by considering the formula of two functions
G′(ω,T) and G′′(ω,T) and stating that they are the real and imaginary coordinates of a
complex function. This mathematical foundation—based on the coupling between a spring
and a dashpot in a mechanical system—correctly led to the observed Maxwell slopes of 2
and 1 for the log G′(ω) or log G′′(ω) when plotted against logω in the Newtonian region.
The true appeal of the Rouse model is to have found a molecular basis for the “spring
and dashpot” mathematical parameters, GN and τR. The problem of the Rouse model is
illustrated in Figure 15 that shows that beautiful and simple mathematics might be enough
to create a myth but not enough to be validated through its confrontation with the data. We
show in Chapter I.5 of Ref. [20] (simulation of the Dual-Phase model) that the attribution of
the Maxwell slopes 2 and 1 is not necessarily derived from a Rouse type of mathematical
formalism, and that the origin of and the coupling between G′(ω), that force proportional
to ω2, and G′′(ω), that force proportional to ω, may be understood in a way fundamentally
different than a complex dependence of the type: G* = G′ + jG′′.

In conclusion, there is no merit to the Rouse model, in our opinion, in its present
formulation, Equation (1). The Rouse model fails to describe the viscoelastic behavior of
unentangled polymeric melts. The introduction of GN = ρRT/M, borrowed from the rubber
elasticity theory, permits to normalize the dynamic moduli, G′(T,ω) and G′′(T,ω), but it has
no molecular meaning in the Rouse’s physical reality (or if it does, the theory of rubber elas-
ticity must be reconsidered). The introduction of τR, the Rouse time, since it is the inverse
of the cross-over frequency, τR = 1/ωx, is useful, practically: it permits the introduction
of a “marker” of the state of the melt, more or less correlated to the end of the Newtonian
range for ω. Of course we do not need a theoretical meaning to use τR, and there is
none. The physical molecular modelization of flow proposed by the Rouse model is wrong:
like any molecular model that considers the single chain as the system to explain the flow
behavior it cannot predict the existence of any transition in the melt, neither the Tg + 23 ◦C
transition [18,19] nor TLL (see next section). The temperature and molecular weight de-
pendence of τR = 1/ωx also provide useful information. However, τR is totally useless
(theoretically) to quantify the “dynamics” of the viscoelastic behavior, i.e., shear-thinning,
the effect of rate and temperature on the kinetics of molecular motion. The spectrum of
relaxation generated by τp= τR/p2 is simple but useless to correctly describe shear-thinning
or to understand why χ(ω) = (G′/G*)2 presents a maximum. Likewise, we find the various
attempts to modify the Rouse equation by either “truncating-to-fit” the spectrum of relax-
ation or by adding a high frequency term to the Rouse modulus (the Allal’s approach) to
be either empirical or not working according to the claims (despite of our best efforts to
make these attempts work).

2.2. The Myth of the Extended Applicability of the Time–Temperature Superposition Principle

The “time–temperature superposition” principle is an extrapolation method that
permits to extend the range of measurement of an experiment, in time or in frequency, by
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operating at other temperatures and shifting the multi-T data to obtain a mastercurve, at a
given chosen temperature, with the extended time/frequency range. This extrapolation
method has been extensively used, for instance, to present the full view of the elastic
modulus from the molten state temperature region to the glassy state region, a complete
picture that no single instrument can provide. It is, therefore, of the utmost importance to
trust the method of extrapolation in question, namely the validity of the Time–Temperature
superposition claims.

The current paradigm of polymer physics teaches that the validity of the “time-
temperature superposition principle” (tts) covers the range Tg to Tg + 100 ◦C, i.e., works
approximately over a 100 degrees range above Tg [32]. The tts is also applicable to dynamic
data obtained by frequency sweeps at constant temperature, i.e., under oscillation at various
frequencies ω under given temperatures. The tts expresses the following: the rheological
variables found at temperature T1, using frequency ω1, are the same as those found at T
using frequency ω provided the time scale (here the frequency) is changed by a shift factor,
log aT =log(ω/ω1), which varies with temperature only; the Vogel-Fulcher equation (see
Equation (4) can be re-arranged to describe log aT as a function of T and T1 (WLF equation,
Ch. 11 of Ref. [32]). The moduli to superpose must be normalized by the Rouse modulus,
GN = ρRT/M, before superposition. This amounts to say that there is a vertical shift factor
bT = ρ1T1/ρT to be applied to the modulus variables to superpose in order to optimize the
superposition. The data set at T1, ω1 is called the reference data set; the other data sets
at T, ω are shifted by bT on the vertical axis and aT on the horizontal axis to produce a
mastercurve at T1. We have discussed the limitations of the tts and its status as a myth in
Ch. 3, pp. 59–73 of Ref. [2] and we refer to that writing for more details. To summarize our
findings:

• The superposition of curves by horizontal shifting on the log time or log frequency is
a good approximation over a rather short temperature interval. There are 3 ranges of
temperature within which the tts works well for polymer melts: the Tg to (Tg + 23 ± 2)
region, the (Tg + 23) to TLL region and the T > TLL region. For each temperature
region a new set of WLF constants (or Vogel Fulcher constants) must be established.
Superposition across regions is physically improper according to the Dual-Phase
model [20].

• The use of bT pursuant to the normalization of the moduli by the Rouse modulus
GN is incorrect. The reason has been implicitly given in the previous section which
showed the inadequacy of using GN except for G′′(ω) and thus viscosity (Figure 10).
To find the correct value of bT, a double-shifting regression is always required [33]. It
has been shown, for instance, that the vertical shift factor, log bT, when it is obtained
by regression-double-shifting, is not as predicted by the Rouse modulus GN/GN1,
yet that its variation with T permits to detect the presence of transitions, such as the
transition at Tg + 23 ◦C also visible from thermal stimulated depolarization data [19]
or the TLL transition [24,34].

• The temperature range of applicability of the tts varies with the strain imposed during
the frequency sweeps ([2] “Effect of Strain” (Section 5.8, p. 322) and with the thermal-
mechanical history of the melt prior to the frequency sweep ([2] “Thermal-Mechanical
History to create out-of-equilibrium melt properties”, Section 4.3.5.2 p. 206).

• The tts might be valid for a limited frequency range only or it might be valid on two or
successive frequency ranges with different constants to express the 2 shift factors, log
aT and log bT. It is the case for the 3 temperature ranges delimited by Tg + 23 and TLL.

In this section we want to illustrate the difficulty encountered applying the frequency-
temperature superposition to the data of Matsumiya and Watanabe. already introduced in
the previous section. These data on a well characterized monodispersed PS are within the
range of temperature above Tg (Tg = 93.78 ◦C for M = 27,000) where the time–temperature
superposition is claimed to apply, and, the range of temperature analyzed is only 25 ◦C
(from T = 115 ◦C to 140 ◦C). The melt is located below its TLL evaluated at 161.4 ◦C for
M = 27,000. Also note that Tg + 23 ◦C = 116.78 ◦C, which positions T = 115 ◦C inside the
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Tg + 23 range (barely though) and T = 120, 130 and 140 in a different range, the (Tg + 23)
to TLL range. Our intention is to show that the principle of superposition does not work
well for these data because it needs to be perfected based on a better understanding of
its origin and its limitations. The possible reasons for the need to modify and limit the
time–temperature superposition naturally shift the light on the necessity to reconsider our
understanding of the physics of the interactions in polymers. A quantitative explanation
of the rheological results of Matsumiya and Watanabe. based on the concepts of the new
paradigm is described in another publication (Ch. II.7 of Ref. [20]) and not in this paper.

The time–temperature principle is illustrated in Figures 16–25 using the data of Mat-
sumiya and Watanabe which are obtained by dynamic rheometry. These authors have
described their experimental procedure as follows: the frequency sweeps were “DOWN
sweeps”, from high to low frequency (100 to 0.1 rad/s). The temperature for the 1st sweep
was 140 ◦C, followed by the other frequency sweeps done at the lower temperatures (130,
120, 115 ◦C in this order) using the same sample. The strain was chosen to keep the results
in the linear viscoelastic region (2%). This procedure is not unusual but is different from
the one used most often that consists of UP sweeps and changing the sample after each
frequency sweep to avoid the slightest possibility of inducing a thermal-mechanical history
in the sample when operating sequentially on the same sample even in the linear range.

Figure 16. Comparison of log (G′/bTRouse) and log (G′) vs. log ω at various temperatures for
Matsumiya and Watanabe PS = 27,000 [22].
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Figure 17. Comparison of log (G′′/bTRouse) and log (G′′) vs. log ω at various temperatures for
Matsumiya and Watanabe PS = 27,000 [22].

Figure 18. log η*(ω) vs. log ω at 4 temperatures for PS M = 27,000. Raw data [22].
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Figure 19. Viscosity mastercurve of log η*(ω) vs. log aTω after horizontal shifting of the curves of
Figure 18 onto the T1 = 115 ◦C curve.

Figure 20. log aT vs. T for shifting the curves of Figure 18 onto the reference temperature T1 = 115 ◦C.
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Figure 21. χ = (G′/G*)2 vs. log ω for the Matsumiya and Watanabe [22] PS = 27,000 at 4 temperatures.

Figure 22. Mastercurve at T = 115 ◦C obtained after shifting horizontally the data of Figure 21 by the
log aT of Figure 20, i.e., the values that were used to shift the viscosity curves of Figure 18 to obtain
the mastercurve of Figure 19.
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Figure 23. (bTχ) plotted against log (aT ω) at T1 = TRef = 115 ◦C.

Figure 24. log bT of the vertical shift factor in Figure 23 plotted against T showing an hyperbolic fit.
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Figure 25. Plot of ω′ = ω/χ against log G* at the 4 temperatures of the Matsumiya and Watanabe.
data [22] demonstrates the presence of the Tg + 23 ◦C transition at T~115 ◦C. See text.

Figures 16 and 17 are plotted from the original data of Matsumiya and Watanabe which
were kindly provided to this author. The black squares represent the “reduced” modulus
values, i.e., G′ and G′′ corrected by T1/T where T1 = 115 is the reference temperature
and T is the temperature of the frequency sweep to shift, both converted to ◦K. This
correction is induced by the adherence to the Rouse model for which the dynamic moduli
are proportional to GN = ρRT/M (Equation (1). The round red dots (reduced in size to
avoid overlapping the black squares) are the data without any temperature correction.
The difference between the red dots and the black squares is hardly visible. The small
temperature interval (25◦) renders the Rouse correction of the moduli negligible.

The complex viscosity, η*(ω) = G*/ω, is calculated from the values of G′(ω) and G′′(ω)
in Figures 16 and 17, with G* = (G′2 + G′′2)0.5, and plotted in Figure 18 against the log
of frequency ω. The tts can be used to superpose these curves into a mastercurve. We
followed Matsumiya and Watanabe’s choice of T1 = 115 for the reference mastercurve to
check that our values of the shift factors, log aT, matched theirs [22]. Table 3 provides those
values which were validated by us. Retrospectively, though, the choice of T1 = 115 ◦C
for the mastercurve was not the best one since this temperature is right on the transition
between ranges mentioned earlier, the (T < Tg + 25) range and the ((Tg + 25) < T < TLL)
range (see Figure 25 above).

Table 3. Horizontal and vertical shift factors, aT and bT, respectively, for the superposition of the
rheological data of Matsumiya and Watanabe [22].

Temperature ◦C
Log aT

T Ref = 115
Log bT (from χ)

T Ref = 115

115 0 0

120 −0.7 −0.03617

130 −1.81 −0.08049

140 −2.69 −0.10672
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Figure 19 is the “viscosity mastercurve” at T= 115 ◦C obtained after shifting horizon-
tally and vertically the data of Figure 18 by an amount log aT and −log aT, respectively.
The shift factors log aT are given in Table 3. The shift by −log aT on the viscosity axis is
due to the definition of the viscosity: η*(ω)= G*/ω, which becomes after superposition:
G*/(aTω), so the shifted viscosity using the log scale is: log(G*/ω) −log aT.

Our conclusion from Figure 19 is that the tts does not work, at least over the full range
of aTω. A closer observation permits to fine tune our conclusion. First, T = 115 ◦C seems
to behave differently than the other 3 frequency sweeps. This is visible at both frequency
ends. In the Newtonian region (the plateau region), although it is harder to see without
zooming in, the “T115” (T = 115 ◦C) is the only curve not really merging with the rest
(see later in Figure 25 for a more convincing perspective). Second, the overlapping of the
3 frequency sweeps, other than T115, is restricted to a range of frequency that extends from
the Newtonian region to the inflective point of the shear-thinning drop off line (at which
log η*(ω)~6.46). This restricted range is the only one where we can ascertain that the tts is
validated.

Figure 20 plots the temperature variation of log aT, the horizontal shift factor. As
expected, aT is equal to the ratio of the Newtonian viscosity at T and T1:

logaT = log
ηo(T)
ηo(T1)

(8)

The red curve in Figure 20 is calculated from Equation (8) using the values of log(η*o(T))
in Equation (4) with T1 = 115 ◦C.

Figure 21 displays the variation of χ vs. log ω with temperature for the PS27 of
Matsumiya and Watanabe. χ=(G′/G*)2 = cos2 δ was introduced in Section 1 (Figure 4).
Both the position and the magnitude of the maximum vary with temperature. (G′/G*) is
the stored elastic energy, which is expected to increase as T decreases, but we observe the
opposite trend: the peak maximum amplitude decreases as T decreases. One may think,
for a reason, the fact that the modulus is proportional to GN which increases with T. This
explanation cannot stand, however, since (G′/G*) is the ratio of two moduli, which cancels
out the vertical correction due to the proportionality of the modulus to GN according to the
classical tts. In other words, the usual correction on the vertical axis for the temperature
dependence of a modulus, T1/T, is not required in Figure 21. In addition, as we mentioned
before, the temperature span being small, the T1/T correction is negligible. According to
the current tts, based on the Rouse molecular background, one should not need a vertical
shift factor to superpose (G′/G*)2 vs. log ω. Figure 21 visually contradicts such a statement:
shifting only horizontally will not superpose the data.

Figure 22 is the mastercurve at T = 115 ◦C obtained after shifting horizontally the data
of Figure 21 by the log aT values that were used to shift the viscosity curves of Figure 18 to
obtain the mastercurve of Figure 19. We already said that our log aT values matched the
values published by Matsumiya and Watanabe [22] for which these authors claimed that the
tts works. We see in Figure 22 that when the elastic component of the viscoelastic modulus
is used, the time–temperature superposition fails entirely, even in the restricted frequency
range it was validated to superpose viscosity in Figure 19. In other words, we face the same
dilemma as for the invalidation of the Rouse formula comparing the value of GN from
the viscosity side and the elastic side of G* to determine GN. In Figure 22 we have drawn
a dash straight line (green) joining the peak maxima that shows a tilt from the expected
verticality of such a line if the horizontal shifting of the curves the way the tts works had
been successful. In other words, if we want to be able to obtain a true mastercurve by
shifting the curves in Figure 21, not only do we need to use a vertical shift bT to address
the issue of a peak magnitude which varies with T, but we also need to modify aT on the
horizontal shifting axis.

The values of bT were found by plotting log(η*(aTω)) vs. χ(ω), not shown, for which
we saw that all the maxima at the 4 temperatures lined up horizontally for log(η*(ω)) = 6.46,
the value found for the inflection of log(η*(ωaT) vs. log(ωaT) in Figure 19; we then
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determined the value of χ at the maximum of χ(ω) from which we determined bT as the
ratio of the χ values found at T and T1, with T1 = 115 ◦C. The values found for bT are listed
in Table 3 and the variation of log bT with T is found in Figure 24. A couple of remarks
regarding the procedure to find bT: By plotting log(η*(aTω)) vs. χ(ω), the horizontality of
the maxima of χ(ω) with T made it not necessary to find a new aT, as suggested by the
tilt of the green dash line in Figure 22. The choice for bT to be the ratio of the values of χ
at the maximum for T and T1 was hinted by the considerations we expressed earlier on
the possibility to define G′

N and G′′
N in the section on the myth of the Rouse model. In

effect, the Rouse model is not capable to understand the need of bT to superpose the χ(ω)
at various T, the way the Rouse equations stand (Equation (1). Yet, if we accept to modify
the Rouse equations to have G′

N and G′′
N different (with still G′′

N = GN = ρRT/M)), then
bT can be an affine function of χ.

The mastercurve at T = 115 ◦C obtained by “double-shiftinG
′′ on both the horizontal

and vertical axes by log aT and log bT, respectively, is shown in Figure 23. The y-axis scale
remains linear in this figure and, therefore, the y coordinate is (χ bT). The temperature
dependence of bT is in Figure 24.

We confirm in Figure 23 that the data of Figure 21 can be superposed, using two shift
factors, aT and bT, yet the superposition is only valid in the range of frequency up to the
maximum of χ(ω). This successful shifting of the data up to the maximum of χ matches
what we observed for the successful shifting of the log(η*(ω)) vs. log(ω) up to the inflection
point in the shear-thinning range. We know that the correspondence between the two
ranges matches because the bT data were obtained at log(η*(ω)) = 6.46, which was also the
value obtained at the inflection of log(η*(ω)) vs. log(ωaT) in Figure 19.

Figure 24 provides the temperature variation of log bT. It is remarkable that log bT vs.
T can be fitted by an hyperbolic function of the Vogel-Fulcher type: A + B/(T − C), with the
fitting constants A, B and C determined by non-linear regression: A = −0.19876; B = 4.26732;
C = 93.78 ◦C (r2 = 0.9999). The value of C was forced to equal the Tg of the M = 27,000
monodispersed PS. A loose regression, without forcing the value of C, provided a value
of C = 91.00, B = 5.0138 and A = −0.209. The r2 is not improved for the loose regression.
Let us consider here that C is truly equal to Tg for the variation of log bT. For the variation
of log aT (which can be expressed from the Vogel-Fulcher equation, Equation (4), where
C is designated T∞), we have shown in [35] how the value of Tg and T∞ correlate with
the isomeric state of the Dual-conformers and their dynamic free volume to determine the
value of the TLL transition of the melt. The value of TLL plays an important dynamic role in
the Dual-Phase theory of interactions ([2,19], Chs. I.4, II.7 of [20,34]); for our purpose in this
section, let’s just say that TLL determines the upper temperature end of the tts applicability
that starts at Tg + 23 ◦C, and the need to find a different set of shift factors log aT and log
bT when T > TLL to extrapolate the data correctly on the mastercurve for the data in that T
region. In addition, TLL also holds many important functions, for instance the end of the
dynamism of the dual-phase dissipative statistics, (Ch. 3 of Ref. [19]).

Conclusion Regarding the Myth of the Time–Temperature Superposition Principle

The classical claim, e.g., by J.D. Ferry [34], that the Time–Temperature Superposition
(tts) can be applied from T = Tg to T = Tg+100 ◦C to obtain the behavior over the full
range of frequency or relaxation times by data shifting extrapolation, is perhaps true for
certain polymers under certain circumstances, but we miss the original data to be able to
validate the generality of that claim. What we know for certain is that many limitations
and restrictions to the general sst must be added to establish it as a workable general
rule and that these restrictions are as fundamental or even more fundamental than the sst
principle itself to understand the behavior of polymer melts. The restrictions imply that
the sst should only be applied over delimited temperature and frequency (time) intervals
which depend on the chemical nature of the polymer and its thermal-mechanical history
(its processing and thermal history). We have used the specific example of the data of
Matsumiya and Watanabe on a classical polystyrene sample to prove the need for certain
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restrictions that, we claim, should be the ones to be generalized. Here are the specific
reservations concerning tts:

- The time–temperature superposition principle is not verified for the data we ana-
lyzed. Matsumiya and Watanabe recognized in their paper the shortcomings of the
superposition applied to G′(ω) and G′′(ω), yet they did not question why their data
showed such a flagrant discrepancy. We believe that questioning why the tts does not
work when performing super standard dynamic rheological experiments on a super
standard polymer (PS) was worth the subsequent dedicated analysis time and effort it
demands and triggers.

- Why do the rheological curves for a simple PS studied in the linear range of visco-
elasticity fail to superpose over a classical range of frequency (0.1 to 100 rad/s) using
a span of temperature of only 25 ◦C? Why do the users of the current paradigm of
polymer science avoid reporting the failures of a full superposition of their data? Why
is there the need to restrict the frequency range or the temperature range for the sst to
work? Is there no fundamental requirement for the prevailing theory of viscoelasticity
to answer the following questions:

- Why is the tts valid only for the low (left) frequency side of the peak of χ vs. log ω?
- Why does log η*(ω) only needs one horizontal shift of the curves, log aT, whereas

the χ vs. log ω requires two shift factors, log aT and log bT when applying the tts,
- Why are we systematically correcting vertically the rheological moduli by (ρT)−1

without checking if the Rouse modulus GN does normalize both G′(ω) and
G′′(ω)?

- Why is the value of χ at the maximum increased and not decreased as T increases?
This appears counter-intuitive with the explanation that glassy relaxation compo-
nents are causing the maximum in the χ vs. log ω curve.

- Why is the rheological behavior at T = 115 ◦C different than at T = 120 to 140 ◦C?

Figure 25 is another way to plot the data to make appear the Tg + 25 transition
introduced earlier, explain that T = 115 ◦C is located at the Tg + 25 and thus belongs to a
different rheological range, with its own shift factor characteristics.

Figure 25 is a graph of ω/χ plotted against log G* as the frequency decreases from
left to right in the down sweep procedure used by Matsumiya and Watanabe [22]. As we
explain in Ch. 5.4 of Ref. [2], ω′ = ω/χ is the frequency of the elastic dissipative wave
that maintains the collective coherence of the melt despite of the local density fluctuation
due to the dual-phase interactions. The figure shows that the ω/χ values of the frequency
sweeps at T = 140, 130 and 120 ◦C fuse and overlap at low ω, i.e., at lower values of G*,
merging into a single curve like data do in a mastercurve. This is not the case for T = 115 ◦C
which is singled out by showing a minimum and the curve starting to rise sharply at
lower ω. This distinct behavior separates out the two regions of viscoelastic across the
Tg + 23 transition. The presence of one of the isotherms very close to a transition made
it impossible to consolidate the tts curves into a mastercurve for this narrow range of
temperature interval explored by Matsumiya and Watanabe.

In conclusion, the myth of the time–temperature superposition is linked to the myth of
the Rouse model which, we suggested, is in no way descriptive of the rheology of unentan-
gled polymers. The use of the Rouse molecular model as the theoretical base to apply the tts
creates huge confusion on the precise way to superpose the data, single or double-shifting,
on what range of temperature and frequency, with what correction and depending on
which rheological function. In addition, even when the limitations to the superposition are
noted, the reason for the restrictions remain obscure and without explanation. As we will
see in the next section, the same clueless response to basic fundamental results faces the
reptation theory. The mathematical solutions proposed by the reptationist school follow
the steps of the Rouse molecular dynamic model to focus on modeling the variations of the
chain dimensions during deformation, which, as we have suggested, is the wrong statistical
system to model. This fundamental assumption that the dimensions of a single chain are
correlated to the macroscopic stresses can be tested experimentally using the Rheo-SANS
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technique (defined below). As a matter of fact, despite the mathematical brilliance of the
reptation work, some recent experimental results fail to agree with the predictions of the
reptation theory. This is presented in our next section.

2.3. The Great Myth of Reptation. The Failure of the Reptation Model to Correctly Describe and
Understand the Shear-Thinning Behavior of Entangled Polymeric Melts (M > Mc)
2.3.1. The Brilliance of the de Gennes’s Reptation Ideas

The Rouse model was created to describe the viscoelastic behavior of polymer solu-
tions, not polymer melts. The application of the Rouse model to unentangled polymer
melts was the initiative of J.D Ferry [32]. It was clear immediately to polymer scientists
that the Rouse model could not predict the distinct rheological behavior of entangled melts
(or entangled solutions). However, the natural tendency is to start from what is known
and to modify it, i.e., in the case of de Gennes, to keep certain basic assumptions of the
Rouse formalism while adapting it to the case of reptiles moving within fixed obstacles,
which is the title given by de Gennes when he published his first paper in 1971 [8]. De
Gennes, who was not a polymer scientist by training, learned from the context of the
thoughts on viscoelasticity established at the time. The theory of viscoelasticity of polymers
considered then, which still serves as the ground foundation for the current paradigm
describing viscoelastic interactions, assumed that the rheological deformation of polymer
melts resulted from the behavior of singular chains embedded in a sea of interactions with
other chains. In the existing theories of macromolecular physics, the emphasis is placed on
determining the shape of the individual macromolecules, often called their chain confor-
mation. The presence of neighboring and interpenetrating macromolecules is perceived
as a disturbance to the ideal conformation of the chain. In the traditional texts, the field
of interaction responsible for the disturbance is homogeneous. Therefore, de Gennes, like
all his predecessors before him, considered the behavior of the melt as the consequences
of what happens to a single chain after the effect of the interactions between the chains
had been established. De Gennes had the idea of considering the interactions between the
chains as a field of obstacles between which a single chain is oscillating through, the way
reptiles move, when the chain is requested to move pursuant to an external deformation.
De Gennes modeled the motion of the chain among the obstacles using the molecular
dynamic language already established in the Rouse model, thus defining the reptation time
of a single chain.

In the case of shear deformation, the Newtonian viscosity is classically considered to
describe the local internal friction between the bonds of interacting macromolecules which
assume a stable thermodynamics state, the equilibrium state at a given temperature and
pressure. The non-Newtonian behavior, shear-thinning, is due to a modification by the flow
of the dimensions of the macromolecules, i.e., of their conformation, which can be calculated
from the effect of the shear rate on the rms end-to-end distance of the macromolecule and
the amount of slippage (relax/retraction) occurring. Theoretical models predict that for a
shear rate strong enough to overpower the ability of the chain to relax—and this happens
at the reptation time—shear-thinning starts to be observed, corresponding to an increase
in the rms end-to-end distance of the chain, leading to its orientation. In the classical
formulas that describe the non-Newtonian dependence of viscosity with shear rate, the
amount of shear-thinning is only a function of two parameters (in addition to the strain
rate, of course): the Newtonian viscosity and the value of the reptation time. But these two
parameters can be correlated to each other, as in the Rouse’s formula , Equation (3), and to
the dimensions and interactions between the chains, which simplifies the description of the
flow deformation process to the description of the dependence of the reptation time with
temperature, pressure, and chain length (the interactions between the macromolecules,
defined by “their entanglement”, is already incorporated in the definition of the reptation
time).

In summary, the effect of strain rate, temperature, molecular weight, according to the
accepted reptation model, could all be related to a simple explanation: the deformation
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and relaxation of single macromolecular chains confined to move within the boundaries
of a tube, the entanglement tube, whose lifetime was the reptation time. The whole
process would continuously be happening, from very low strain rate to high shear-thinning
producing strain rate. Additionally, the reptation model provided a new understanding of
“entanglement” by quantifying the dimensions of the tube and correlating it to the reptation
time. The interactions between the macromolecules could be described topologically, the
tube serving as the new topological description of the environment of the bonds.

This was the brilliance, even the beauty, of the original reptation model of de Gennes [2],
who succeeded in scaling the effect of all variables into the description of a single parameter,
the reptation time. However, this extraordinary tour de force had to be refined over the
years to account for a better description of the experimental data, in particular to improve
the molecular weight dependence of the reptation time which did not follow the predicted
M3 variation by de Gennes [3]. The model of reptation in a tube has been significantly
improved over the years, by incorporating additional molecular mechanisms such as con-
tour length fluctuation [36–38], constraint release [9,39–42], and chain stretching [43–45].
Doi and Edwards [46] proposed to account for the nonlinear rheological behavior by as-
serting that the external deformation acted on the tube, instead of the polymer chain [47].
The non-affine evolution of chain conformation beyond the Rouse time would be caused
by chain retraction within the affinely deformed tube. Other essential improvements to
the tube reptation model were done by many contributors, notably Marrucci [9,10], Wag-
ner [11], McLeish [12] but the state-of-the-art version of the tube theory is the GLaMM
model (named after Graham, Likhtman, Milner, and McLeish) as it incorporates the effects
of reptation, convective constraint release and chain stretch on the microscopic level [45].

It is fair to recognize that the tube model revolutionized the field of polymer dynamics,
and stands at present on the highest step of the podium of the current paradigm for its
predictions of the linear and nonlinear viscoelastic properties of entangled polymers.

Small-angle neutron scattering (SANS) studies on polymer melts under steady-state
flow provide in situ information at a molecular scale on how the flow field is transmitted to
the melt. Such experiments, called “Rheo-SANS”, are difficult to set up and require special
equipment but their results are fundamental to test experimentally the accepted claim by
the reptation model [6,46] that the shear-thinning of entangled polymer chains is due to
significant orientation of the segments between entanglements under the shear flow. We
quote below two significant Rheo-SANS studies, one by Watanabe et al. in Japan, published
in 2007 [48], and the other one by Noirez et al. in France, published in 2009 [49].

Both studies concluded that the chains remained largely un-deformed under steady-
state shear flow conditions for which extensive shear-thinning was present. These results
represent a formidable challenge to the reptation model of melt deformation [9,36–47].

Recently, in 2017, there was the new Rheo-SANS evidence published by Zhe Wang
et al. [50], that demonstrates experimentally that the chain retraction step of the tube model
does not occur, which led these authors to conclude that our current understanding of the
flow and relaxation of entangled polymers, based on the reptation theoretical model of
motions pioneered by de Gennes (1971) and Doi-Edwards (1979) is fundamentally wrong:

“. . .This result calls for a fundamental revision of the current theoretical picture for
nonlinear rheological behavior of entangled polymeric liquids. . .the predictions by the
tube model are not experimentally observed in a well-entangled polystyrene melt after a
large uniaxial step deformation”.

2.3.2. Invalidation of Reptation by Rheo-SANS Results of Watanabe et al. (2007)

In order to examine the chain conformation changes under shear flow for a well-
characterized monodispersed entangled polymer and the orientation distribution along
the chain backbone, Watanabe et al. examined the Rheo-SANS behavior for an entangled
polybutadiene sample dissolved in a deuterated oligomeric butadiene at the volume frac-
tion of 0.28. The rheometer was a Couette apparatus, allowing high-flow shear rates at
constant temperature [48]. The shear rate, normalized by the reptation time, was between
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24 and 29 s−1and at these shear rates the viscosity of the systems was significantly smaller
than the zero-shear viscosity (by a factor of ~40). Despite this intense shear-thinning, Watan-
abe et al. observed that “the I(q) data just moderately deviate from the Debye function (describing
the data at equilibrium). . . These SANS data allow us to examine the current molecular picture
for the entangled chains under fast shear flow. This picture assumes that successive entanglement
segments are not orientationally correlated and behave as independent stress sustaining units even
under fast flow. . . Thus, the above assumption fails for the entangled chains under fast flow".

In other words, at a shear rate that reduced the Newtonian viscosity by a factor of 40,
i.e., under strong non-Newtonian conditions, the chain rms end-to-end distance hardly
varied from its value under static (equilibrium) conditions: this result, if verified, was in full
contradiction with the basic assumption of the reptation model regarding the deformation
mechanism involving the singular macromolecules. Yet, this catastrophic contradiction
was kept buried in the archives and was not brought forward by the authors; it remained
an isolated research report which was not confirmed.

2.3.3. Invalidation of Reptation by Rheo-SANS Results of Noirez et al. (2009)

Noirez et al., apparently unaware of the results of Watanabe et al. [48], probably
for the reasons evoked above, used a similar Quartz Couette rheometer set up and re-
ported on in situ observations of polymer melts under steady-state shear flow using
neutron scattering [49]. The amorphous melts studied by these authors were an en-
tangled polybutadiene (Tg = −110 ◦C, Mw = 29 Me) characterized by a reptation time
τd = 7 × 10−3 s (ωx = 143 rad/s) and a low-molecular-weight (unentangled) polybutylacry-
late (Tg = −64 ◦C, Mw~Me), characterized by τd = 10−3 s (ωx = 1000 rad/s). Both melts
were monodispersed and sheared at room temperature (i.e., far above their respective Tg).
The melts were sheared with a range of strain rates spanning the zone from far below the
reptation time to far above it (from 0.011 s−1 to 1000 s−1) to determine the variation of the
chain dimensions across the reptation time and test the admitted reptation theories claims
regarding the onset of shear-thinning and of chain orientation/disentanglement [6,46].

Figure 1 of Noirez et al. [49] clearly demonstrates that the two components, azimuthal
and longitudinal, of the radius of gyration (Rv and Rz) remained constant at 80 Ả as the
shear rate varied from the Newtonian range to a highly shear-thinned melt, and, besides,
that no change of the radius of gyration occurred as the melt crossed τd. The authors
concluded “that the chains remain largely undeformed under steady-state shear flow... These
observations are of prime importance; they reveal that the flow mechanism and its viscoelastic
signature reflect a collective effect and not properties of individual chains".

We emphasize the last sentence in the conclusion: “. . .the viscoelastic signature reflects
a collective effect and not properties of individuals chains”. This is the key sentence to re-
member from this experimental research. In summary, both Watanabe et al. and Noirez et al.
concluded that the macromolecular dimensions remain quasi-unchanged as the melt is
sheared in the non-Newtonian region, and this conflicts totally with the currently accepted
understanding of shear-thinning. The failure of the existing models to interpret such a
fundamental aspect of polymer rheology cannot remain unchallenged [13–21].

2.3.4. Invalidation of Reptation by Rheo-SANS Evidence That Chain Retraction Does Not
Occur by Zhe Wang et al., 2017

This paper by Zhe Wang and 11 other co-authors [50] solves the problem of critically
testing the chain retraction hypothesis of the tube theory for entangled polymers. In prin-
ciple, these authors explain in their paper, one should be able to critically test the chain
retraction hypothesis by performing SANS experiments on uniaxially stretched entangled
polymer melts and comparing the measured Rg with theoretical predictions. “In reality,
experimentalists have encountered tremendous difficulty in following this approach. . .it is practically
impossible to reliably determine the radius of gyration tensor through model independent Guinier
analysis, because of the limited Q range and flux of existing SANS instruments and the large molec-
ular size of entangled polymers”. These limitations of the analysis of the radius of gyration
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tensor in step-strain relaxation Rheo-SANS investigations may represent arguments to
question the results of Noirez et al. [49] or Watanabe et al. [48] above.

Zhe Wang et al. recently recognized the value of “spherical harmonic expansion”
as a general approach for characterizing Q-dependent deformation anisotropy and chain
conformation at different length scales. The idea of using spherical harmonic expansion
of the orientation distribution function of statistical segments in deformed polymer net-
works was conceived by Roe and Kribaum who discussed the potential application of
this technique to analyze the amorphous halo for stretched polymers [50]. A more formal
treatment of the measured scattering intensity by Legendre expansion was developed by
Mitchell [Refs. 84–86 of [50]] and applied to the tensile deformation mode. The originality
of Zhe Wang et al.’s work is to have applied the spherical expansion analysis to test directly
and unambiguously the chain retraction hypothesis, central to the theoretical picture of the
tube model.

The stretching of the rectangular samples of PS to orient them before their SANS
analysis was conducted by Zhe Wang et al. by uniaxial elongation at 130 ◦C to a stretch
ratio λ = 1.8, with a constant crosshead velocity v = 40 l0 /τR, where l0 is the initial length of
the sample, and τR the Rouse relaxation time (~600 s). The oriented samples were allowed
to relax for different amounts of time (from 0 to 20τR) at 130 ◦C and then were immediately
quenched by pumping cold air into the oven. The authors verified that they successfully
froze the conformation of the polymer chain with negligible stress relaxation during the
quenching procedure.

Zhe Wang et al unambiguously showed that:

“the two prominent spectral features associated with the chain retraction—peak shift of the
leading anisotropic spherical harmonic expansion coefficient and anisotropy inversion in
the intermediate wave number (Q) range around Rouse time—were not experimentally ob
served in a well-entangled polystyrene melt after a large uniaxial step deformation”.

They added:

“Unlike the previous investigations, there is no ambiguity associated with model fitting
and no room for human bias. Therefore, our critical test clearly demonstrates that the
chain retraction hypothesis of the tube model is not supported by small-angle neutron
scattering experiments.”

“This result calls for a fundamental revision of the current theoretical picture
for nonlinear rheological behavior of entangled polymeric liquids.”

“Therefore, without an alternative mechanism for molecular relaxation, the idea of non-
affine deformation alone does not seem to be able to explain the experimental observation.”

“Since the tube theory is of paramount importance for our current understanding of
the flow and deformation behavior of entangled polymers, the invalidation of the chain
retraction hypothesis has immense ramifications.”

2.3.5. Conclusion on the Great Myth of the Applicability of the Reptation Model to
Entangled Polymer Melts (M > Mc)

Despite all its elegance, mathematical sophistication and quasi-general acceptation
we conclude that the reptation model incorrectly describes the Rheo-SANS experiments of
Watanebe et al. [48], Noirez et al. [49], and of Zhe Wang et al. [50] and should be abandoned.
The reason for this radical proposition, in our view, is that the dynamics of the interactions
defining the melt properties should not be defined by statistical systems which are the
single macromolecules. The failure of the reptation model also implies re-considering the
concept of entanglement, the corner stone of polymer physics which, in our opinion, is not
understood by the current paradigm of polymer physics.
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2.4. Shear-Refinement and Sustained Orientation: The Lack of Understanding by the Current
Paradigm
2.4.1. Shear-Refinement

“Shear-Refinement” is the observed influence on subsequent viscoelastic behavior
(e.g., viscosity) of a pre-shearing treatment of a polymeric melt. Cogswell mentions the
influence of thermo-mechanical history on viscosity in his book [51], p. 53:

“Intense working, producing high shear, will usually lead to a reduction in viscosity and
also a decrease in the elastic response”.

Note that the viscosity reduction discussed by Cogswell is not due to a decrease in
molecular weight, which is known to occur concomitantly, to a variable degree depending
on the polymer and the experimental processing conditions.

Pre-Treatment on Branched Polymers

Most of the pioneering work was conducted 20 years ago on branched polymers
(PE,PP) by such authors as D. E. Hanson [52], M. Rokudai [53], B. Maxwell [54], J.-F.
Agassant [55], H. P. Schreiber [56] (who wrote a review of the subject up to 1966), G.
Ritzau [57,58], who provides details of a shear-refinement apparatus, J.R. Leblans and
Bastiaansen [59], Van Prooyen et al [60], Munstedt [61], who studied the effect of thermal
elongational history, and A. Ram and L. Izailov [62]. Hanson [52] showed that the Melt
Flow Index of a branched PE could be modified by shear-refinement from 0.28 to 0.66 and
that the MFI returned to the initial value 0.27 after solution and re-precipitation of the
pre-sheared sample. Cogswell [51] comments as follows on the results obtained by Hanson
and others [52–54]:

“The change is seen to be reversible by solution treatment. Molecular weight charac-
terization indicated that all these samples were identical. . . [Shear-refinement effects]

“might at first appear to be the result of degrading the polymer, are frequently reversed by
cooking the melt, though the time for which the melt may need to be cooked to achieve
reversion may be much longer than the natural time of the material (viscosity/modulus at
zero shear)”.

J.-F. Agassant et al. [55] show that the effects of shear-refinement are most obvious,
and most commonly exploited, in the case of PVC which is known to have a morphology
very sensitive to thermo-mechanical history.

No clear explanation was ever given to the origins of shear-refinement by these
authors, which remained empirical until Bourrigaud [39] published a possible reptation-
based interpretation in the case of branched polymers.

Bourrigaud [63], and Berger [64] have recently investigated the shear-refinement of
long-chain branched (“LCB”) polyolefins in their thesis. Bourrigaud focused on several
well-characterized low-density branched polyethylene grades and obtained proof of the
influence of the strain amplitude of shear deformation on the degree of viscosity reduction
during subsequent processing. Bourrigaud suggested that molecular topology is critical,
and his results support the view that molecules with very long-chain branches are highly
affected by shear refinement, whereas linear polyethylene seems to undergo much smaller
changes (if any), under the experimental shear refinement conditions he used. Bourrigaud
and co-workers [65] concluded that the degree of long-chain branching or ramification qual-
ifies or disqualifies, for the most part, the degree of viscosity reduction observed by shear
refinement. In other words, controlled alteration by branching of the molecular weight
distribution leads to the optimization of shear-refinement and of its benefits, according to
these authors. Furthermore, Bourrigaud et al. showed that refinement by elongation is
more effective than refinement by shear for the same flow strength [63,65]. Berger [64] and
Berger et al. [66], worked with a long-chain-branched polypropylene under very high shear
strain rates and found similar results. Additionally, Berger and coworkers [66] confirmed
that the MFI of branched PP, collected as pellets, could be increased by shear-refinement,
and that solvent dissolution would reverse the effect; after evaporation of the solvent, the
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MFI returning to its original value. These authors concluded that disentanglement was
responsible for the decrease of viscosity and die swell [66]:

The pre-treatment of the LCB-PP in the capillary rheometer at the highest shear stress
applied causes a significant reduction of the tensile stress, which can be referred to the
reduction of the mass-average molar mass. However, the significant decrease of the
extrudate swell after the pre-treatment cannot be explained by the change of the molar
mass, as the elastic behavior of polymer melts is known to be independent of the mass-
average molar mass. Therefore, the reduction of the extrudate swell is an indication of a
change of the entanglement network during the pre-treatment.

Pre-Treatment on Linear Polymers

We published a series of papers and patents during the last two decades [67–69] to
explain how the combination of shear rate and controlled strain mechanical treatments
applied prior to or during processing of linear polymers (not branched) could result in
substantial viscosity reduction benefits that allow, for instance, to work in extrusion at
lower temperatures or under lower pressures at the same throughput. We invented,
designed and ran “Rheo-Fluidizers”, processing equipment making use of vibrational
methods during melt extrusion to induce shear-refinement by shear strain energy coupled
with extensional flow [67–69]. The emphasis of this “dynamic shear strain refinement”
process was on the improved processability of linear high-molecular-weight polymer
melts, such as polycarbonate and Plexiglas (PMMA), i.e., polymers without branches. We
showed [68,69] that to induce the shear refinement benefits, a combination of shear stress
and superposed oscillation could raise the elasticity of the melt to a level identical or
perhaps even superior to what branching could do. In other words, we proposed that, at
least under dynamic conditions, both linear polymers and branched polymers could qualify
for “disentanglement” by shear strain refinement. Furthermore, we drew attention to the
requirement of rheological criteria to be fulfilled for shear refinement to occur [Ref. [2] pp.
100, 110, 229], and pointed out the importance of the shear strain amplitude of the oscillation
to operate the melt in the non-linear time-dependent viscoelastic range. We suggested
that the combination of shear-thinning and strain softening during the pre-treatment,
which we designated “Rheo-Fluidification”, could produce either shear-refinement benefits
[Ref. [2] Section 4.6], or Sustained-Orientation (“disentanglement”) depending on certain
conditions [67–69]. Sustained-Orientation is explained in the next Section 2.4.2.

Shear-refinement work has remained largely empirical because of the lack of its un-
derstanding by the current models. The viscosity reduction is temporary and rheologi-
cal properties can be restored, which can occur in various ways and was not very well
understood until now. Most of the comprehension necessary for its generalization and
extrapolation to all macromolecules was lacking because the current models remained
speechless about the shear-refinement results. For instance, for linear polymers, the current
paradigm could not understand how it could be possible that shear-refinement effects could
happen since the chains were linear and not branched. In addition, the Rheo-Fluidified
melts had relaxation times calculated from their cross-over frequency much shorter than
those with the same molecular weight without treatment, and this was as if they had
been “disentangled”, sometimes by a factor of 1000 or even 10 times that. The claim by
Munstedt [70] that shear-refinement can only exist for branched polymer structures and
not for linear chains is debated in Section 2.4.3 below and in [15].

It is clear that the lack of comprehension of shear-refinement for linear polymers by
the current models poses a threat to the whole foundation of the existing paradigm in
polymer science. The situation is different for branched polymers for which Bourrigaud’s
theoretical explanation has the merit to search for a classical interpretation [63]. Bourrigaud
modified the McLeish and Larson’s pom-pom model [12] to account for the increase, due
to branching, in value of the tube renewal relaxation time and explained, at least partially,
some of the shear-refinement results for its branched PE samples. For linear polymers,
however, “disentangled” polymers present a real challenge to existing models of flow.
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The positioning of the science community with respect to the “disentanglement”
results remains confused and hesitant based on the claim of the reptationists’ gate keepers
that those results must be artifacts since they disprove their theory. Properties of melts
brought out of equilibrium are largely ignored. Yet, many plastic industries are directly
concerned and will benefit from the fundamental understanding of what causes shear
refinement viscosity drops in linear or branched polymer, and how this can be applied to
processing of polymer resins, branched or not. The ability to process plastic melt at much
lower temperatures (50–80 ◦C below normal), because of reduced viscosity due to shear-
refinement or disentanglement, opens up new boundaries not just in processing but also
in blending, such as in nanoparticle dispersion, or for the processing of high-temperature
sensitive additives (wood flour, instable additives such as peroxides, etc.). Details are given
elsewhere [Ch. 8 of Ref. [2]].

2.4.2. Sustained Orientation

Shear-refinement can occur with unentangled polymers, linear or branched, and
therefore shear-refinement should not always be called “disentanglement”, like we did
in our early publications (when we were not even aware of the work of others on shear-
refinement). It is true that we only applied our Rheo-Fluidification pre-treatments on
entangled melts, because of the commercial applications of reducing their viscosity, and this
was one of the reasons to designate the results “disentanglement”. When entangled polymer
melts are submitted to Rheo-Fluidification treatments, the result produced is at least shear-
refinement, at best Sustained-Orientation, and the distinction means that the Sustained-
Orientation is more difficult to achieve, requiring a dual-phase model understanding of the
differences between unentangled and entangled melts, in particular their stability under
stress.

In simple terms, by manipulation of the stability of entanglements, it is possible to
create and maintain quasi-stable at high temperatures in an amorphous polymeric melt (say
120 ◦C above Tg) a certain state of orientation that was induced by a mechanical deformation.
The manipulation of entanglements was achieved by coupling two Rheo-Fluidification
processors Section 2.2, Figures 2.1–2.4 in Ref. [2]. The “sustained-orientation” discovery
describes the possibility to obtain non-equilibrium entanglement states for polymeric
melts which can be preserved in a pellet formed after the treatment. This pellet displays
a melt flow index (MFI) that can be 100% larger than the original (virgin) pellet before
the treatment, after correction for any molecular degradation present due to the process.
This new state of polymer matter challenges the current established models of polymer
physics, because such “oriented” melts can remain oriented for hours at temperatures below
their TLL transition temperature, yet can slowly recover in time their initial un-oriented
equilibrium state (the MFI of the treated pellet then slowly reverses to its original MFI).
This esoteric behavior can be understood by the Dual-Phase model of the interactions that
explains entanglements as a split of the statistical system of interactions yielding a set of
cross-dual-phases [20].

The experiments of “sustained-orientation” could be interpreted qualitatively using the
classical terminology by a change in Me, the molecular weight between entanglement
(thus the wording which was used, “disentanglement” or “re-entanglement”), except that
there is no classical explanation to why Me could vary so slowly in time, Me(t), inde-
pendently of the terminal relaxation time, and be increased or decreased by relatively
low shear forces. For instance, using the classical language, sustained-orientation would
produce a melt with an Me value twice as big as the virgin pellet, Meo. That value can
be frozen in the new pellet and stay stable as the pellet is reheated above the Tg, say at
T = Tg + 120 ◦C, at least for a certain time that could be equal to a million times the value
of the reptation time. The Me(t) can then start to decrease towards its original equilib-
rium value Meo, the time to control the return to equilibrium being controlled by pressure.
There is no explanation in the current theories for an unstable entanglement network res
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ulting in an unstable liquid state for polymers, and on how the instability dynamics could
be correlated to non-linear viscoelastic effects.

What sustained-orientation suggests is that the classical concept of Me to describe
entanglements is overly simplistic and its usefulness is, at best, limited to the linear range
of viscoelasticity. The whole foundation of polymer physics, based on its understanding
of entanglements, appears to be challenged, perhaps even overhauled, by the type of
experimental results resulting in Sustained-Orientation.

Figure 26 below (similar to Figures 4–9 for PC and Figure 4.74 for PMMA in Ref. [2])
demonstrates the benefits of Sustained-Orientation, sometimes designated “disentan-
glement in a pellet” in contrast to “disentanglement in-line” which refers to the shear-
refinement reductions in viscosity and melt elasticity while the melt is being processed
after the pre-treatment.

Figure 26. Signature of “Sustained-Orientation”: MFI value found for pellets made out of a melt
prepared by Rheo-Fluidification treatment are linearly correlated to the value of viscosity measured
by the in-line viscometer at the exit of the Rheo-Fluidizer.

Figure 26 applies to a linear PC grade. One compares the MFI value found for pellets
made from a melt prepared by the twin Rheo-Fluidification treatment stations of Figure 5a,b
of Ref. [2] with the value of viscosity measured by the in-line viscometer (shown in Figure
4.8 of [2]) at the exit of the strand die. Although the two temperatures are different (300 ◦C
for the MFI measurement, 275 ◦C for the in-line measurement), the correlation is validated:
when the in-line viscosity drops, the pellet has a higher MFI than the reference pellet (11.3).
In other words, the viscosity benefits obtained from the manipulation of the melt stability
can be frozen into a state in a pellet that will survive subsequent heating periods, about
20,000 times its terminal relaxation time value at 150 ◦C above its Tg. This “Sustained-
Orientation” behavior shambles completely the current understanding of viscoelasticity in
polymer melts.

Ever since we were able to produce hundreds of pounds of linear polymers (PC,
PMMA, LLDPE) exhibiting the Sustained-Orientation behavior and understood that this
new property contradicted the current paradigm of polymer physics, we knew that a
different explanation of “entanglements” was required and that polymer physics had to be
reconstructed from a different understanding of the coupling between the covalent and
inter-molecular interactions.

We conclude this section by claiming that the reptation tube model, as it stands now,
cannot explain the challenging results obtained by “shear-refinement”, and by “Sustained-
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Orientation”. If a model cannot comprehend a phenomenon that we can reproduce to
produce batches of hundreds of pounds of pellets demonstrating the benefits of the phe-
nomenon at a time, then this model should be abandoned. This is the way science works.

2.4.3. The Munstedt’s Exclusive Requisite That the Polymer Must Be an LCB (with Long
Chain Branches) to Be Able to Obtain Shear-Refinement

Munstedt [70] recently claimed that only branched polymers could demonstrate shear-
refinement benefits, not linear polymers. According to him, linear polymers could only
show artifacts or unreported degradation [70]. We offered a rebuttal to Munstedt’s paper
and his allegations [15]. These two publications should be read to illustrate how the
gate keepers of an existing paradigm practice their censorship power to eliminate any
possible existential threat. The rebuttal, for instance, was rejected by the Journal which
published the paper by Munstedt (Journal of Rheology). Also, Munstedt misquoted and
mischaracterized—intentionally or not is debatable—some parts of Ref. [2] to denigrate the
results. Let us stay on course and only concentrate on excerpts from Ref. [15] relevant to
the present discussion.

Münstedt’s Critical Condition That Branching Must Be Present to Observe
Shear-Refinement Is Wrong

In Ref. [2], we introduce new equations to analyze the rheology of melts (shear-
thinning, strain-softening) in terms of the Dual-Phase model and show that they also
explain the origin of the rheological instability. The long-term retention of the lower
viscosity in the Rheo-fluidified pellets when re-heated to a melt state, sometimes for
times several hundred thousand times greater than the reptation time at that temperature,
represents an immense challenge to the currently admitted models of chain dynamics such
as reptation. This challenge is not acknowledged by the community of rheologists, except
swept away as artifact, such as in the paper by Münstedt [70]. However, how could this be
an artifact when produced several lots of 150 lbs of sustained-oriented pellets, the product
of the “artifact”, which could regain in time their original viscosity after re-melting!

We concluded in [2] that this “Sustained Orientation” paradox is linked to a new
concept: the instability of the Dual-Phase of the interactions. A first degree instability can
be induced by a combination of shear-thinning and strain softening that may result in
shear-refinement effects. Sustained-Orientation requires certain conditions in addition to
the 1st degree instability criteria to trigger an instability of the 2nd kind: the instability of
the Cross-Dual-Phase entanglement structure.

There are two types of sources to trigger the rheological instabilities of polymer melts:
one is controlled by the recoverable dynamic free volume variations, the other by the
modification of the entanglement network structure, by entropic dissipation (orientation
of the network). This competition between these 2 mechanisms of instability is different
for a given polymer and represents the true debate to have regarding the shear-refinement
results, as we emphasized to Münstedt, during our intensive discussions [15]. For instance,
the Dual-Phase model of the interactions that we have introduced in Ch. 1 of Ref. [2], a
book reviewed by Munstedt, explains the dynamic source of the free volume, which is
also influenced by the topology of the chains, in particular whether long chain branching,
short chain branching or no branching is present. Both the amount and the structure of
the dynamic free volume are influenced by branching. However, and this is missing in
Munstedt’s analysis, they are also influenced by other rheological factors, the orientation
of the chains, the frequency and the amplitude of a vibration of the coherent interactive
medium, the pressure in the melt, etc., all these parameters influence the local density
of the melt and the frequency of the elastic dissipative wave that compensates for the
local packing density inhomogeneity. In turn, they also influence the melt modulus (the
famous GN = ρ RT/M correlation), and thus influence shear-thinning and strain softening.
Münstedt focused on the presence of the long chain branches to determine a criterion
for shear-refinement [70]. We argued that to understand why shear-refinement can oc-
cur in both branched and linear polymers one needed crucial information that are never
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provided by the molecular models: 1. the determination of the local packing density
and of the localization of the free volume in the structure, and 2. the influence of branch-
ing on these two variables. The Dual-Phase model is easily applicable to this situation [2]
because of the local cross-duality between the F/b dissipative states and the conformational
states (trans ,cis, gauche). This (F/b ↔ (c,g,t)) local cross-duality also predicts the influence
of vibration, shear rate and shear strain on the free volume amount and its distribution, in
particular how to increase it, whether the basic polymer is branched or linear. Therefore, the
topological criteria by Münstedt that branching must be present to observe the conditions
for shear-refinement is simply wrong.

2.5. Strain-Induced Time Dependence of Rheological Functions

The conditions to achieve linear viscoelasticity are obtained at low strain amplitude
for dynamic rheological experiments, where an oscillating strain is applied to a molten melt
with frequency ω at temperature T. Under such conditions, the elastic and loss moduli,
G′(ω,T) and G′′(ω,T), respectively, are independent of the value of the strain, that could
be 1%, 3%, 5%, etc., up to the limit of linear viscoelasticity. The limit of linear rheology is
reached when the value of the moduli become strain dependent, i.e., when the stress is no
longer proportional to the strain (non-affine deformation). The determination of this limit is
compulsory before running any other tests in the linear region of viscoelasticity; it is done by
running a strain sweep at given T and ω. The value of the strain is increased continuously
and slowly until a deviation from the horizontality of the modulus appears that marks
the beginning of non-linearity. In the following we are interested in the “stability” of the
non-linear solution, meaning once we have reached the value of strain for non-linearity are
the moduli values stable in time or starting to drift to make them time dependent?

1. Does a non-linear state obtained by increasing strain become immediately instable:
time dependency starts as soon as its modulus differs from its linear value?

2. Is the strain value for the end of linear viscoelasticity different from the strain value
for the start of the time dependency of the non-linear modulus?

3. Is the rate of the time dependency of modulus a function of the strain?

The general affirmative response for polymer melts answers question #2, adding in
complement that the response is function of the chemical nature of the polymer, the value
of ω, of (T − Tg) and of the strain.

In other publications (Ch. I.7 and II.9 of [20]), we address the issue of determining the
critical strain at which the instability of the non-linear rheology is triggered (question #2)
and the influence of strain on the rate of the moduli decay (question #3).

When we say “instable”, we are not talking about a chemical instability of some sort
(degradation, esterification, cross-linking) or a surface instability (cracks, edge fracture,
surface contact loss) that would alter the measurement, we are talking about the possibility
to re-organize the interactions inside the material under stress that results in the time
dependency of the moduli. For instance, using the language of the Dual-Phase model,
we want to know if the dynamic free volume restructures (i.e., the (b/F ↔ (c,g,t) kinetics
evolves), or, for entangled melts, whether there is an enthalpic or entropic modification of
the compensation between the two dual-phases, when the strain brings the system in the
time-dependent non-linear range (“disentanglement”).

It is clear that we need to ensure that the chemical instabilities or surface instabilities
are not responsible for the time dependency observations. This point is crucial to consider in
detail (see [71] section 4.4.2 “Challenging Interpretations”: 4.4.2.1 “Viscous Heating. 4.4.2.2
“Shear Degradation. 4.4.2.3 “Drooling of the Melt outside the Rheometer Plates. 4.4.2.4
“Plastification Due to the Monomer Concentration Increase by the Shear Stress. 4.4.2.5
“Shear-Thinning. 4.4.2.6 “Edge Fracture Explanation. 4.4.2.6.1 “Melt Fracture Initiation:
Vinogradov’s Criteria. 4.4.2.6.2 “Simultaneous Dielectric and Dynamic Mechasnical Mea-
surements in the Molten State. 4.4.2.6.3 “Effect of the Nature of the Surface Melt Contact”),
because certain testing configurations are more inclined to create artifacts than others and
we need to cross-reference those doubtful results with results that can be trusted 100%.
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This dedication to scrutinize each experiment details to eliminate any potential artifact
pitfalls is the absolute norm when dealing with the experiments exhibiting a strain induced
time dependence of the rheological functions. This takes extra dedicated time [15,71] but is
necessary to counter the artifact reflex of the deniers of such results by the gate keepers of
the existing paradigm [70].

2.5.1. First Example of Strain Induced Transient of Viscosity (Inducement)

Figure 27a,b concern a PS melt studied with a dynamic rheometer (AR 2000, TA
Instruments) in the time-sweep mode. The temperature is 165 ◦C (65◦ above the Tg of PS)
and the frequency remains equal to 20 Hz (ω = 125 rad/s). The cross-over frequency for
this PS at that temperature is 0.1 rad/s, so the Rouse time is 10 s. The initial strain is 5%,
known to be in the linear viscoelastic range. The strain remains constant to this value for
3 min, then it is automatically increased to a new value, 10%, where it stays constant for
3 min; this action is repeated until the final strain is 23%. In other words, the strain varies
step wisely every 3 min from 5% to 23%, the sample undergoing time-sweep steps lasting
3 min between each increase of the strain. Figure 27a displays the viscosity η*(ω) vs. Time
for each time sweep for strain equal to: 5%, 10%, 15.2%, 17.5%, 20% and 23%. We record
the value of G′ and G′′ during each of the 3 min steps. Figure 27b provides the variation of
G′(t) and G′′(t) for the last step, corresponding to 23% of strain (ω is still 125 rad/s).

Figure 27. (a) Viscosity (Pa-s) vs. Time (s) during successive time sweep sequences of 3 min each
at 165 ◦C, 20 Hz for a PS sample in a dynamic rheometer. The strain is increased at the beginning
of each sequence as shown in the inset. Viscosity is calculated from G′(t) and G′′(t). (b) Details of
Figure 27a regarding the strain = 23% sequence. This graph shows the decay of G′ and G′′ with time.

It is apparent in Figure 27a that a time dependent (transient) behavior is triggered by
the increase of strain at 15.2%. For 5% and 10% strain, the viscosity remains constant, but at
15.2% in Figure 27a, the viscosity starts to decay. The magnitude of the effect increases with
strain, the rate of the decay does too (compare the viscosity curves for 15.2% strain (green
triangles up) and 17.5% (green triangles down): the increase of the slope is proportional
to the rate increase. As the strain increases, the apparent straight line decay becomes an
exponential decay visible by the convex curvature. This is particularly visible for the 23%
strain time sweep. Note that the decay of the moduli in Figure 27b is not over and has not
reached a plateau after 3 min, which contrasts with a terminal relaxation time of 10 s for this
melt. The time scale involved in the transient decay is very different from the molecular
time scale. There is a classical “engineer” description of this phenomenon in terms of
shear-thinning and strain softening: at ω = 125 rad/s T = 165 ◦C, the melt shear-thins,
i.e., its viscosity drops from the Newtonian value at that temperature to a lower value,
1075 Pa-s in Figure 27a (@ 5% strain). The effect of strain on the modulus, a non-linear
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effect, is called “strain-softening”, which is quantified by the ratio, h, of the non-linear
modulus to the linear modulus (h < 1). Shear-thinning is controlled by the value of ω,
strain-softening by the value of the strain, γ, so it is expected that the strain rate maximum
per cycle, ωγ, play a role to determine the onset of the time dependence behavior which
we can designate by either “the instability of strain softening by the frequency ω” or “the
instability of shear-thinning by the strain γ”. Criteria of melt instability based on the value
of the strain rate and/or the strain have been used to study non-linear effects such as melt
fracture or melt flow non laminar decohesion [72,73]. It is important to verify [71] that none
of these critical values for melt inhomogeneity is reached to explain the triggering, at such
a low γ (15%), of the transient behavior observed in Figure 27a,b.

Wang [73] has established that two criteria must be met simultaneously to trigger
a non-laminar structure of the melt in a gap: one of these criteria relates to the strain
rate, the other to the strain. The strain criterion of Wang (γ > 100%) is not met, by far,
in Figure 27 since the transient occurs for γ = 15.2%. The possibility that melt fracture
occurred at the edge of the sample to explain the stress and viscosity decay in Figure 27 has
also been considered and contradicted [72]. A simple experimental way to eliminate such
an explanation for the strain induced triggering of a rheological transient is to consider if
the phenomenon is reversible. This is shown in the next example on another polymer, a
linear low density PE.

2.5.2. Second Example of Strain Induced Transient of Viscosity (Inducement and Recovery)

Figure 28a,b summarize schematically the frequency and strain experimental profile
to create a transient with a laboratory dynamic rheometer, and demonstrate that the
phenomenon is reversible upon cessation of the cause of the effect.

Figure 28. (a) Frequency history steps (plotted against time) for the sample in the dynamic rheometer.
(b) Strain % history steps (plotted against time) for the sample in the dynamic rheometer of Figure 28a.

The data were obtained with a dynamic rheometer, the ARES from Rheometrics, using
a parallel plate configuration, but a cone and plate combination was also used, providing
essentially the same results. The resin was a LLDPE from Dupont-Dow Elastomers (Engage
8180), the temperature was 155 ◦C, and the gap was chosen between 1.2 and 2 mm.

Figure 28a,b describe the frequency and % strain history. Figure 29 plots dynamic vis-
cosity against time. The first and last segment, called “initial” and “recovery” in Figure 28a,b
represent the baseline, the value of viscosity under linear viscoelastic conditions, i.e., under
very low frequency and amplitude (here 1 rad/s, 1% strain). The so-called «treatment zone»
in Figures 28 and 29 was initiated by a jump of the frequency, from 1 to 47 rad/s, which
created, in Figure 29, an “instantaneous” drop of viscosity from 57,000 Pa-s to 10,000 Pa-s,
due to shear-thinning. The jump was then followed by a gradual stepwise increase of the
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strain amplitude, from 1% to 25%. Figure 29 shows that for the first 2 steps of increase of
strain, the viscosity held constant at 10,000 Pa-s, its shear-thinned value at that temperature
and frequency, but that starting at strain = 13%, the viscosity started to become transient
declining from 10,000 to a steady state value of 3100 Pa-s. The decay of the viscosity took
about 25 min. The frequency and strain amplitude were then changed back to their low
values of the linear range (1%, 1 rad/s), and one observes an “instantaneous” partial loss of
the effect of shear-thinning combined with strain softening, i.e., the viscosity jumped back
to 38,000 Pa-s. Further recovery of viscosity occurred over the following 20 min, viscosity
increasing slowly and finally regaining its original Newtonian value, 57,000 Pa-s. In other
words, the state of the melt produced by the transient treatment was unstable when the
energy that produced the transient behavior was released: this is why viscosity slowly
increased in time and returned back to the original value for the melt. Nevertheless, it
took 20 min for recovery, and this time is 60 times longer than the terminal time at that
temperature, making it possible to exploit the benefits of a smaller viscosity during recovery
if the melt were to be processed at that stage. One can define the viscosity benefit by com-
paring the initial Newtonian viscosity (57,000) and the Newtonian viscosity before recovery
after the shear-thinning elastic loss (38,000), a ratio of 1.5 in this treatment («50% viscosity

drop»). Notice that a processor could still benefit from shear-thinning of the treated resin
(Figure 28), and work under much greater viscosity reduction (3100 Pa-s versus 57,000 Pa-s,
an improvement of over 1700% !).

Figure 29. Dynamic viscosity vs. time for the 3 steps of Figure 28a,b.

The experimental procedure described in Figure 28 has many variations: the time
duration between strain amplitude step-ups can vary, the strain amplitude increment itself
can be changed as can the temperature of the melt and the frequency of operation during
treatment. The treatment could also be done differently, by increasing at low frequency the
strain to 25%, say, and step wisely increasing the frequency from 1 rad/s to 47 rad/s. All
these changes contribute to the final % viscosity reduction, which can be as small as 20%,
to as large as 3000%. The wrong procedure can also produce artifacts or surface effects, as
is explained in [71].
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2.5.3. Conclusions on the Strain-Induced Time Dependence of Rheological Variables
The “Process Engineer” Interpretation of the Results

Strain softening, known to decrease the modulus at higher strain, combines with
shear-thinning due to the effect of frequency to render the melt unstable in its original
entanglement network configuration; thus the transient behavior occurs. In a step strain ex-
periment conducted in the molten state, a softening factor is defined, h = G(strain)/G(LVE),
where G(strain) is the melt modulus for a given strain and G(LVE) refers to the strain
independent Linear Viscoelastic Value (h < 1). At low strain, the modulus is only time
dependent, and an increase of strain produces an increase of stress proportionally. Pure
viscometry experiments have demonstrated that above certain strain rates, correspond-
ing to a certain stress level, a transient decay towards steady state released the elastic
energy stored during initialization. It was suggested in earlier publications dedicated to
more engineering audiences [12,67–76] that the dynamics of this process could be viewed
as a recursive effect of the stress on relaxation times. As stress continues to grow, due
to increased strain, strain softening is the first revealing sign of the modification of the
structure due to the stress dependence of the relaxation time. Figure 29 reveals that under
dynamic conditions, the softening factor h can become time dependent, which translates
into a transient behavior. The advantage of producing transient behavior with a dynamic
viscometer is that G′ and G′′ become time dependent, so it is possible to analyze these
curves individually and also follow how (G′/G*)2 varies during transient stress decay. The
transient decay can be produced in-situ in the rheometer, and a frequency sweep performed
before the transient and after it, allowing an easy way to analyze the differences due to the
stay in the non-linear regime. This type of experiments allows us to analyze the influence
of strain and frequency during time sweep (“the treatment”). Additionally, the fact that
a frequency sweep in the linear regime can be performed on the sample after it has been
treated non-linearly, proves the integrity of the sample and its surfaces, in contradiction to
the claims by Munstedt [70] that the treatment conditions degraded the sample integrity.

The Theoretical Physicist Interpretation of the Results

We have studied many curves like those in Figures 27 and 29, obtained using a parallel
plate configuration, a cone and plate and a Couette configuration, using many different
polymers, using different temperatures, different molecular weights, under pressure in a
confined environment with no edges, superposed to extrusion flow, under cross-lateral
vibration etc.(Ref. [2] is dedicated to report in details those experiments and results), and
the same conclusion imposes itself: the rheological phenomenon observed that is triggered
by strain has a kinetic origin which makes it vary with frequency and temperature but
does not work at the same scale as the terminal time, τp = 1/ωx: it refers to a different
phenomenon that is not accounted for in any previous model of viscoelasticity: the dissipa-
tive aspect of the interactions. In our theoretical work on the Grain-Field Statistics of open
dissipative systems [21], this concept is embedded in the equations regulating the interac-
tions between the dual-conformers, and these assumptions are applied to polymers in [19].
The “dissipative aspect” means, in essence, that beyond enthalpic and entropic changes
occurring to constrained systems brought out of equilibrium, the size of the systems may
restructure, rendering the statistical frame definition to become part of the dynamics. This
fundamentally different statistical approach is what fuels the new paradigm of the inter-
actions that we introduce which, in many ways, explains the shortcomings of the current
paradigm to be able to correctly address the experimental results presented in this paper.
One could say, to simplify, that the new paradigm fuses with the current paradigm, which
may then regain some merit, when the system of interactions is in a state above the TLL
transition, a typical “dissipative transition” resulting from the dissipative nature of the
interactions [19,24,34].
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3. Conclusions

The deformation of a polymer melt in shear mode represents the main subject of
interest in the science of rheology of such materials. It is a crucial topic for successfully
processing these materials. In the above examples that dealt with linear viscoelastic rheo-
logical conditions with no effect of strain, in Sections 1–3, we saw that even in these simple
conditions the Rouse model failed to satisfactorily describe the data of unentangled melts
when carefully comparing experiments and theoretical predictions. The same failure of
the reptation model was also demonstrated when comparing the calculated projections
of the affine and non-affine hypotheses suggested by the reptation model of entangled
melts with the experimental results obtained by Rheo-SANS. In summary, even in the
linear range of viscoelasticity the acclaimed Rouse and de Gennes models are challenged by
experimental evidence. In the non-linear range, at a high strain rate and strain, the subject
of the other examples presented in this paper (Sections 2.4 and 2.5), it is generally admitted
that the current theoretical developments that successfully predict the main characteristics
of polymer melts in the linear range fall short, but merely need improving and tweaking of
the parameters. The extrapolation to the non-linear behavior generally consist of adding
some terms to the mathematical formulation of the linear viscoelastic model. As we stated
at the beginning of this paper, all the current models in polymer physics are based on
“chain dynamics statistics” [6–12]. The aura these polymer dynamic models have reached
among the polymer scientific community makes them the current standard references that
control the field of plastic engineering that relies on the understanding of viscoelasticity
and rubber elasticity. Yet, as we suggest, it is possible that the experiments described in
this work challenge the current paradigm to its limits, to the edge of its usefulness.

The present understanding of the physics of macromolecules is based on an analysis
of the properties of a single chain. The presence of the other chains is perceived as a mean
field influence on the properties of that chain. The reptation school considers that this mean
field can be looked at as a topology, a homogeneous field of obstacles restricting the motion
of the single chain, which is claimed to explain the extra molecular weight dependence of
viscosity at Mc and beyond. We explain in this paper that, in our opinion, this assumption
(which is also present in Rouse) is the origin of the failures of these models to describe the
data correctly. The irony is that de Gennes [6] used the term “scaling concepts” in the title
of his book on polymer physics [6], which resonates, but in a different context, with our
definition of a scale of the basic unit that participates in the deformation process in our
dissipative statistical approach. The difference is that our model not only defines the scale,
in fact several “dynamic scales”, but also determines the coupling and the modulation
between these cooperative scales [20]. For instance, in our Cross-Dual-Phase explanation
of entanglements, we make reference to a “network of strands” to describe the cooperative
interactive process resulting in the “entanglement phase”. We refer to a basic unit of
deformation, the Dual-conformer, that participates in the evolving cooperative motion of
a phase-wave responding to deformation as an open dissipative system [20]. We must
define mathematically what “evolving cooperation” means, how many dual-conformers
dynamically cooperate in an active strand at any instant, how many strands are active and
how many relax, and where the cooperative dual-conformers are located: on a single chain
or on several chains. The physics of dealing with all the chains at once in the statistics,
redefining the coupling between the covalent and the inter-molecular interactions, is the
model that we have adopted to describe the deformation of polymer melts and solids,
above Tg and below Tg [2,19,20]. The theory not only addresses the interaction between the
conformers of a single chain to assume the shape of a macro-coil (which can be deformed),
but also defines why entangled macro-coils exhibit the response of a network of active
strands when all the chains participate cooperatively in the deformation process. The
dissipative dynamic coupling between the deformation of a conformer, of a macro-coil, and
of a network of strands is quantitatively described. The new model explains the influence of
chain molecular weight to predict a change in behavior below and above a critical molecular
weight (Me), in other words it proposes a new understanding of “entanglements” and their
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influence on the dynamic melt properties G′(ω,T) and G′′(ω,T) and the normal stresses.
It predicts shear-thinning and strain softening in shear mode, and strain-hardening in
extensional mode. It also successfully describes the transitional behavior at Tg, from a
solid-like to a liquid-like behavior, also predicting the existence and the characteristics of
the Boyer’s TLL upper melt transition temperature (the end of dissipative modulation).
Finally, the theory addresses the stability (or the strain-induced lack of stability) of the
Cross-Dual Phase entanglement network [20].

The theoretical assumptions of the new model and the quantitative descriptions it
generates constitute a whole new understanding of the viscoelastic properties of polymers
that could be considered the premises of a new paradigm in that field of physics. We would
like to close by quoting Buckminster Fuller who once said:

“In order to change an existing paradigm you do not struggle to try and change the
problematic model. You create a new model and make the old one obsolete.”

—Richard Buckminster Fuller
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Abstract: High temperature and humidity affect the tribological performance of nitrile butadiene
rubber (NBR) seals, which affects the precise positioning of cylinder systems. Therefore, it is crucial
to study the effect of hydrothermal aging on the tribological performance of the NBR seals. In
this study, the changes in the tribological performance of the NBR seals under hydrothermal aging
conditions were investigated. The results show that the volatilization of additives and the increase
in crosslink density of the NBR seals occurs in the hydrothermal aging environment, leading to
the deterioration of their surface quality, elastic deformability, and tribological performance. The
formation of surface micropores due to additive volatilization is the main factor in the degradation of
tribological performance.

Keywords: hydrothermal aging; NBR seals; tribological performance; finite element simulation

1. Introduction

Pneumatic systems are widely used in robotics, aerospace, and medical devices due to
their low cost, high efficiency, and light pollution [1–3]. The sealing structure is an essential
part of realizing the precise positioning control of the cylinder in pneumatic systems, and
the variation of the sealing material performance has an important impact on the service
performance of the cylinder [4], and in addition, this variation is closely related to the
overall efficiency and energy loss of the machine [5,6]. Nitrile butadiene rubber (NBR) is
widely used as a sealing material in aerospace, automotive, robotics, etc. due to its high
heat resistance, chemical stability, and wear resistance [7].

The rubber materials are subjected to thermal, electrical, optical, and mechanical
stresses during service, which leads to rubber aging [8–10]. This means that the struc-
ture and properties of the rubber have changed, resulting in the deterioration of service
performance [11–13]. At present, the structure and properties of rubber materials under
aging conditions such as thermo-oxidative, prestressed, and marine have been extensively
studied [14–19]. Moon et al. [20] investigated the aging behavior of rubber materials with a
natural rubber/butadiene rubber (NR/BR) system and showed that there are differences in
the changes in the structure of natural rubber at different aging stages. At the beginning
of the aging process, the aging of rubber materials is dominated by crosslink aging. In
contrast, at the later stage of the aging process, its aging mode changes to being dominated
by main chain breakage. Hydrogenated nitrile butadiene rubber (HNBR) undergoes similar
structural changes during high-temperature aging. The crosslink density on the surface
increases after aging, leading to an increase in tensile stiffness and a decrease in failure
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strain [21]. Liu et al. [22] observed, by swept surface electron microscopy (SEM), that the
number of tiny pores appearing on the surface of NBR increased with increasing aging time,
accompanied by an increase in the size of the pores. During the aging process, the interior
additives of rubber migrate from its interior to the surface [23–25]. The research results of
Liu et al. [26] on the high-temperature aging of NBR under compression conditions showed
that the structural change of NBR during the aging process was mainly cross-linking, while
the tensile strength and elongation at the break of nitrile rubber also changed significantly.

The NBR seals in cylinders are subject to complex environmental conditions of service,
characterized by high temperature (up to 80 ◦C) and condensation, resulting in a variety of
factors in the process of service by the common influence that inevitably will occur during
the hydrothermal aging phenomenon. There are inevitably differences in the tribological
performance of the NBR seals due to the hydrothermal aging phenomenon. Researchers
have studied the hydrothermal aging of rubber materials to some extent. Choi et al. [27]
studied the aging process of sulfur-cured ethylene propylene diene monomer (EPDM)
under hydrothermal conditions. They showed that, under hydrothermal conditions, stearic
acid in sulfur-cured EPDM reacts with Ca2+ in air or water to produce calcium stearate
and causes EPDM surface to appear white. Patel et al. [28] investigated the permanent
compression deformation of silicone rubber as a function of aging temperature and showed
that the silicone rubber aged in a closed system softened with time.

The tribological behavior of rubber materials is a focus of attention [29,30], and the
tribological performance after aging is crucial for rubber sealing materials. Dong et al. [31]
investigated the dry sliding friction of NBR after aging. The results showed that its wear was
dominated by fatigue wear and that aging caused a decrease in tribological performance.
Han et al. [32] found that CeO2 with a certain amount of graphene could protect the rubber
matrix during thermal-oxidative aging and frictional heating. He et al. [33] investigated
the tribological performance of CeO2 blended rubber after aging and showed that the
increase in crosslink density at the beginning of thermal aging could effectively improve
its tribological performance. Luo et al. [34] found that the friction and contact pressure of
NBR seals increased with the increase in temperature during hydrothermal aging.

However, the effect of hydrothermal aging on the tribological performance of the
NBR seals is not fully understood. Therefore, it is particularly important to investigate
the effect of hydrothermal aging on the tribological performance of the NBR seals for the
practical application of cylinder seal structures. In this work, we investigated the effects of
hydrothermal aging times on the mechanical properties and tribological performance of
the NBR seals through experimental and finite element simulations to provide theoretical
guidance for the subsequent implementation of accurate servo control of cylinders.

2. Experimental Methods

2.1. Materials

Two types of samples were tested: the NBR cylindrical samples and the NBR seals
(PSD-20 from Osaka Co., Ltd., Osaka, Japan). The NBR cylindrical samples were prepared
by vulcanizing the raw NBR material. The preparation process is as follows: the raw
NBR material was cut into the cylindrical vulcanization mold and placed in the flat plate
vulcanizer heated to 160 ◦C. The vulcanization conditions were 160 ◦C × 35 min and
maintaining the loading pressure of 12 MPa during vulcanization. The specific preparation
process is shown in Figure S1. The dimensions of the NBR cylindrical samples were 10 mm
in diameter and 10 mm in height, and the NBR seals were tested as a finished part. The
specific dimensions of the chosen NBR seals were 20 mm × 14 mm × 2.24 mm (outer
diameter × inner diameter × wire diameter).

2.2. Hydrothermal Aging Test

The samples were subjected to hydrothermal aging tests. The test method refers to
ISO 188-2023 [35]; a TZW-150UVA type Harris environment testing chamber (Wuxi Harris
environment equipment Co., Ltd., Wuxi, China) was used for the hydrothermal aging test.
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The accelerated aging temperature used was 80 ◦C, the humidity was 85%, and the duration
of accelerated aging was 16 days (16 d), which produced the NBR seals with properties
similar to those under actual service conditions. The mechanical properties and tribological
performance of the samples with different hydrothermal aging times (0 d, 2 d, 4 d, 8 d, and
16 d) were tested.

The NBR seals were tested for tensile permanent deformation under hydrothermal
aging conditions, and the test method refers to ISO 2285-2019 [36]. The NBR seals were
inserted into cylindrical tensile test devices of different diameters. The tensile rates of
the NBR seals were 10%, 20%, 30%, and 40% of the inner diameter, respectively, and the
corresponding tensile die diameters were 15.4 mm, 16.8 mm, 18.2 mm, and 19.6 mm. The
tensile permanent deformation rates of the NBR seals with different hydrothermal aging
times were calculated by Equation (1).

K1 =
A1 − A0

AS − A0
× 100% (1)

where A0 is the original inner diameter length (mm), A1 is the recovered inner diameter
length (mm), and AS is the tensile inner diameter length (mm). Each sample was measured
three times, and the average value was taken.

The NBR cylindrical samples were tested for compression permanent deformation
under hydrothermal aging conditions, and the test method refers to ISO 815-1:2019 [37].
The NBR cylindrical samples were compressed by 20% using a compression restrictor. The
compressive permanent deformation rates of the NBR cylindrical samples with different
hydrothermal aging times were obtained by Equation (2).

K2 =
h0 − h2

h0 − h1
× 100% (2)

where h0 is the height of the sample before compression (mm), h1 is the height of the
restrictor (mm), and h2 is the height of the sample recovery after compression (mm). Each
sample was measured three times, and the average value was taken.

2.3. Hydrothermal Aged NBR Characterization

The NBR seals with different hydrothermal aging times were intercepted as strips
and tensile tests were performed using the uniaxial tensile testing machine (ZQ-990B-5,
Zhiqu Precision Instrument Co., Ltd., Dongguan, China). The tests were carried out at a
scale distance of 20 mm and a tensile rate of 100 mm/min. The NBR cylindrical samples
with different hydrothermal aging times were compressed by the universal testing machine
(WDW-02, Sida Testing Technology Co., Ltd., Jinan, China) at a rate of 20 mm/min, and the
test method refers to ISO 7743-2017 [38].

The mass of the NBR cylindrical samples and the NBR seals were measured by
electronic balance, and each sample was measured four times. The Shore hardness of the
NBR cylindrical samples was tested using the LX-A instrument; each sample was measured
four times, and the average value was taken as the Shore hardness value of the sample.

The infrared spectra of the NBR cylindrical samples were obtained using a Nicolet 380
Fourier transform infrared spectrometer (FTIR), which was used to compare the functional
group composition of the rubber material before and after hydrothermal aging. The spectral
range was selected from 800 cm−1 to 4000 cm−1 in the mid-infrared region with a resolution
of 4 cm−1, and the number of scans was set to 32. The background was first scanned and
then the samples were tested afterward to remove the background. The surface micro-
morphology of the NBR cylindrical samples after aging was observed by the optical digital
microscope (DSX 510, OLYMPUS Co., Ltd., Japan). The surface of the samples was cleaned
with anhydrous ethanol before observation.
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2.4. Friction Experiment

The tribological tests of the NBR cylindrical samples (0 d–16 d) with different condi-
tions (lubrication and un-lubrication) were tested by the modified friction testing machine
shown in Figure S2. The 6061 Aluminum alloy plate was used as the counterpart material,
and 612 grease was applied to the surface during the lubrication test. By controlling the
normal displacement of the friction testing machine, a load of 5 N was applied to the
contact surface of the friction material, and the relative sliding velocity was 20 mm/min.
Test the NBR cylindrical samples of 0 d, 1 d, 2 d, 4 d, 8 d, and 16 d, repeat five times for
each group of tests, and take the average value.

The cylinder friction experiment machine was used to test the tribological performance
of the NBR seals with different hydrothermal aging times and loading air pressures; the
test parameters are shown in Table 1.

Table 1. The test parameters of the cylinder friction experiment.

Aging Time (Day) Loading Air Pressure (MPa) Piston Velocity (mm/s)

0

0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3,
0.35

10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90

1
2
4
8
16

The cylinder friction experiment machine was modified according to the universal
testing machine WDW-02 (Sida Testing Technology Co., Ltd., Jinan, China), and the cylinder
type was CDG1BN20-300 (SMC CORPORATION Co., Ltd., Tokyo, Japan). Its structure is
shown in Figure S3. The lower chamber of the cylinder was connected to the air pump. The
air pressure is provided by the air pump and controlled by the precision regulator (accuracy
of 0.001 MPa) to stabilize the loading air pressure. The upper chamber is connected with
air to create a pressure difference between the two chambers. The displacement and the
change of the external force on the cylinder piston during the test were collected by the
displacement sensor and the force sensor at the lower end of the test device, respectively.
The test was conducted at room temperature (25 ◦C ± 2 ◦C), and the cylinder piston was
subjected to uniform reciprocating motion. Each test was performed three times.

The LuGre model is widely used for the description of friction phenomena [39–41].
Therefore, the LuGre model was used to describe the dynamic friction of the cylinder, and
the state variable A was used to characterize the average deformation of its deflection. The
composition of the entire cylinder LuGre model primarily includes the cylinder nonlinear
equation of state and the cylinder frictional force equation; the specific form is shown in
Equations (3) and (4).

dA
dt

= v0 − k
|v0|

g(v0)
A (3)

Ff = v0 A + σ
dA
dt

+ b0v0 (4)

where v0 is the piston motion velocity in the cylinder (mm/s); k is the axial stiffness of the
seal in the cylinder (N/mm); b0 is the coefficient of viscous friction (N·s/mm2); and σ is
the axial damping coefficient of the seal in the cylinder (N/(mm/s)).

The steady-state form of the LuGre model was mainly determined by the function
g(v0); the Stribeck velocity of the cylinder friction is described by Equation (5).

g(v0) = FC + (FS − FC) exp(−(v0/v1)
2) (5)

where FC is the dynamic frictional force of the cylinder (N); FS is the maximum static
frictional force of the cylinder (N); and v1 is the Stribeck speed of the cylinder (mm/s).
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The LuGre model assumes that the cylinder is moving at a constant speed, and the
deformation of the elastic mane between the two friction contact surfaces reaches a steady
state, which means the state variable A is equal to 0. The average deformation value of
the model is g(v0)sgn(v0)/k at this time. The cylinder frictional force in the steady state is
obtained by Equation (6).

Fw =
[

FC + (FS − FC) exp(−(v0/v1)
2)
]
sgn(v0) + b0v0 (6)

According to Equation (6), the cylinder frictional force curve under different piston
velocities obtained from the cylinder friction experiment was fitted by the least square
method, and the values of four static parameter variables of the LuGre model in the steady
state were obtained, which are FC, FS, v1, and viscous friction (b0v0). The cylinder friction
experiment machine dragged the piston to move at a constant velocity; the frictional force
of the cylinder friction experiment can be obtained by Equation (7).

Ff = F1 − (P1 A1 − P2 A2) (7)

where F1 is the cylinder piston by all the external force (N), P1 is the air pressure of the
high-pressure chamber (MPa), P2 is the air pressure of the low-pressure chamber (MPa),
A1 is the area of the piston rod on the high-pressure side (mm2), and A2 is the area of the
piston rod on the low-pressure side (mm2).

3. Finite Element Analysis of the NBR Seals Friction Process

The finite element simulation was conducted using ABAQUS software (Type 6.13).
The material parameters were obtained by fitting the results of compression tests. Based on
the compressive stress-strain relationship curves of the NBR cylindrical samples at different
hydrothermal aging times, the parameters of the Mooney–Rivlin model were obtained,
which are shown in Table S1. The mesh seed was set to 0.1 mm, and the encrypted mesh
seed for the contact area at both ends was set to 0.05 mm, using a quadrilateral dominant
mesh type. Three analysis steps were set up; the first one was pre-compression of the
cylinder wall in contact with the seal, the second one was air pressure through the upper
end of the seal, and the third one was the upward movement of the cylinder wall. Restrict
the cylinder wall and the inner groove of the cylinder to be rigid bodies. The compression
force between the NBR seals and the cylinder wall is reduced due to aging relaxation,
and the simulation between the NBR seals and the cylinder wall at different aging times
can be achieved by reducing the compression amount of the NBR seals. According to
the compression rate of the NBR seals in the cylinder, which is 10% of the inner diameter
and the tensile permanent deformation rates of the NBR seals, the equivalent simulation
compressions of the NBR seals with different aging times were obtained as 0.050 mm (0 d),
0.042 mm (1 d), 0.034 mm (2 d), 0.031 mm (4 d), 0.026 mm (8 d), and 0.025 mm (16 d).

The simulation model of the NBR seals in the cylinder was established as shown in
Figure S4. The cylinder wall and the piston rod were set as analytic rigid with smooth
planar, and the NBR seals were set as deformable with Young’s modulus obtained from the
compression test of the NBR cylindrical sample and Poisson’s ratio of 0.49. The step type
was set as static general. The tangential and normal behaviors are defined in the contact
properties. In the tangential behavior, the coefficient of friction (COF) was determined
based on the lubrication friction test of the NBR cylindrical samples. In normal behavior,
“hard” contact was set. Three analysis steps were set; the first step was the pre-compression
of the cylinder wall in contact with the NBR seals, the second step was the air pressure
passed to the upper end of the NBR seals, and the third step was the upward movement of
the cylinder wall. The specific working parameters for the dynamic friction simulation are
shown in Table 2.
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Table 2. Finite element simulation conditions.

Aging Time (Day) Loading Air Pressure (MPa)

0

0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35

1
2
4
8
16

4. Results and Discussions

4.1. Mechanical Properties

Figure 1a,b show the recovered diameters and the tensile permanent deformation
rates of the NBR seals with different hydrothermal aging times, respectively. As shown in
Figure 1a, the un-tensile NBR seals shrink due to the increase of crosslink and the decrease
of molecular chain length in the hydrothermal aging environment. Moreover, the shrinkage
of the un-tensile NBR seals is more obvious with the increase of hydrothermal aging time,
and the recovered diameter shrank from 20 mm to 19.85 mm when the aging time reached
16 days. The recovered diameters of the NBR seals under different tensile ratios increase
with the hydrothermal aging time, which implies that the elastic recovery capacity of the
NBR seals under the hydrothermal aging condition is weakened. Moreover, it is found that
the difference in recovered diameters between the NBR seals with different tensile rates
increased with the hydrothermal aging time, which further proves that the hydrothermal
aging condition causes the deterioration of the elastic recovery capacity of the NBR seals.

Figure 1. (a) The recovered diameters, (b) tensile permanent deformation rates of the NBR seals,
and (c) the compression permanent deformation rates of the NBR cylindrical samples with different
hydrothermal aging times.

The tensile permanent deformation rates of the NBR seals in Figure 1b show a mono-
tonically increasing trend with the increase of hydrothermal aging time, which is consistent
with the trend in Figure 1a. However, the NBR seals with lower tensile rates have greater
tensile permanent deformation rates, which is due to the difference between the recovered
diameters of the NBR seals with different tensile rates being smaller than the difference
between tensile rates. In addition, it can be found that with the increase of hydrothermal ag-
ing time, the increased trend of recovered diameter and permanent deformation rate slows
down, indicating that the aging process of NBR slows down with time. Figure 1c shows
the variation curve of the compression permanent deformation rates of the NBR cylindrical
samples with the hydrothermal aging time. The curve shows an overall trend consis-
tent with that in Figure 1b. When the hydrothermal aging time is 16 d, the compression
permanent deformation rate reaches the maximum value of 82.375.

Figure 2a shows the variation curves of the mass of the NBR cylindrical samples and
the NBR seals with the hydrothermal aging time. The mass of both samples showed a
significant increasing trend, and this trend decreases with the increase of the hydrothermal
aging time. The increase in the mass of the NBR under the hydrothermal aging environment
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is due to the water absorption and moisture absorption reaction. However, small molecular
groups, volatile organic compounds, fillers, and additives within the rubber will gradually
migrate from the interior to the surface and volatilize under hydrothermal aging condi-
tions [23–25], which leads to a small decrease in the mass of the samples. This phenomenon
was exhibited in the NBR cylindrical samples of 2 d. Figure 2b shows the variation curves
of the hardness of the two samples with the hydrothermal aging time. The hardness of the
two rubber material samples exhibits a monotonically increasing trend with the increase
of the hydrothermal aging time, and the hardness of the samples exhibits a more obvious
increase at the beginning of the hydrothermal aging (0 d–2 d), with an increase of 3.50 HA
and 4.58 HA for the rubber cylindrical parts and the NBR seals, respectively. During the
hydrothermal aging process, the crosslink density of NBR rubber increased and the internal
structure became more compact, which led to an increase in the hardness of the samples.

Figure 2. The variation curves of (a) mass and (b) hardness of the NBR cylindrical samples and the
NBR seals with different hydrothermal aging times.

Figure 3 shows the compression stress-strain curves of the NBR cylindrical samples
and the tensile force-deformation curves of the NBR seals with different hydrothermal
aging times. As shown in Figure 3, the two samples showed similar trends in the com-
pression test and tensile test; the NBR cylindrical samples and the NBR seals exhibited
enhanced compressive strength and tensile strength, respectively, with the hydrothermal
aging time increased. This enhanced trend became more obvious with the increase of
hydrothermal aging time. The increase in the compressive strength and tensile strength of
the samples is due to the increase in the crosslink density of NBR in the hydrothermal aging
environment [21,26]. The degree of connection between the molecular network chains is
enhanced, and more molecular chains bear stress during compression or stretching. In
addition, the increase in the degree of crosslink between molecules leads to the shortening
of the molecular chain and the deformation amount of the NBR decreases when subjected
to stress. The other test data are shown in Figure S5.

Figure 3. (a) Stress-strain curves of the NBR cylindrical samples and (b) force-deformation curves of
the NBR seals with different hydrothermal aging times.
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4.2. Tribological Behavior of Hydrothermal Aging

Figure 4 shows the surface morphology of NBR cylindrical samples with different
hydrothermal aging times. The surface quality of the NBR cylindrical samples deteriorated
due to hydrothermal aging, and obvious microporous structures appeared. Moreover, the
number and size of these micropores increase significantly with the increase of hydrother-
mal aging time, which means that the deterioration of its surface quality is positively
correlated with the hydrothermal aging time. This deterioration is mainly due to the migra-
tion of fillers, small molecular groups, and volatile organic compounds, etc., in the rubber
material from internal to surface and volatilization [23–25], which is consistent with the
results in Figures 2 and 4. The deterioration of the frictional surface quality is an important
factor leading to the reduction of the tribological performance of the rubber material [42].

Figure 4. The surface morphology of the (a) 1 d and (b) 16 d NBR cylindrical samples.

During the service of cylinder seals, the loading air pressure in the cylinder is an
important environmental condition; therefore, the tribological performance of cylinder seals
under different loading air pressure is studied first. The cylinder friction experiment was
conducted to further investigate the actual effect of hydrothermal aging on the tribological
performance of the NBR seals in the cylinder. The cylinder friction experiment needs to
be tested from the highest velocity and then reduced to the experimental velocity. In the
low-velocity cylinder friction experiment, the cylinder needs to be stared at high velocity
three times, which ensures the internal grease distribution is uniform.

The influence of the 0 d NBR seals on the static parameters of the cylinder was
investigated. As shown in Figure 5a, the Ff-piston velocity variation curves and fitted
curves are shown for the cylinder equipped with the 0 d NBR seals. Based on Equation (6),
the squared difference between the curve obtained by least squares fitting and the mean
value of the experimental results and the fitting coefficient is 0.9974, which has a good
fitting effect. According to Figure 5b, which shows the effect of the loading air pressure
on the FC of the cylinder equipped with the 0 d NBR seals, it can be seen that with the
increase of the loading air pressure, the static parameters in the friction model changed
accordingly, and the FC showed a monotonically increasing trend. When the loading air
pressure increases from 0 MPa to 0.35 Ma, the FC increases from 6.7 N to 10.5 N (with a total
increase of about 56.72%). This indicates a linear relationship between increasing loading
air pressure and the dynamic tribological performance of the cylinder. After investigating
the kinetic tribological performance of the cylinder with different loading air pressure and
the tribological performance of the 0 d NBR seals, the kinetic tribological performance of
the cylinder with the aged NBR seal was further investigated.

The friction tests were conducted on cylinders equipped with the aged NBR seals
at different velocities in 0 MPa, and the results are shown in Figure S6. The curves were
fitted by the least squares method, using Equation (6), in order to obtain the variation
curve of FC with the hydrothermal aging times, as shown in Figure 6a. It can be observed
that the FC increases not linearly with the increase of hydrothermal aging time at the
loading air pressure of 0 MPa. According to the extension line, the incremental rate of FC
increases gradually with the increase of hydrothermal aging time, which indicates that
the relationship between hydrothermal aging time and FC shows an exponential change,
and the increase of hydrothermal aging time leads to a faster decrease of tribological
performance of the NBR seals. As shown in Figure 6b, the FC increases with the loading air
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pressure, which does not change due to hydrothermal aging. Moreover, the variation trend
of FC with hydrothermal aging time does not change with the loading air pressure. This
indicates that the loading air pressure does not affect the effect of hydrothermal aging on
the tribological performance of the NBR seals in the cylinder during service, which only
generates greater friction during the cylinder motion.

Figure 5. (a) The Ff-piston velocity variation curves and fitted curves of the cylinder equipped with
the 0 d NBR seals; (b) the FC of the cylinder equipped with the 0 d NBR seals with different loading
air pressure.

Figure 6. The FC of the cylinder equipped with the aged NBR seals under loading air pressure of
(a) 0 MPa and (b) 0–0.35 MPa.

The mechanical test proved that the mechanical properties of the NBR cylindrical
samples and NBR seals vary in a consistent manner, and their compositions are both NBR.
In order to further investigate the influence of loading air pressure on the tribological
performance of the NBR seals, the frictional force and the contact area of the NBR seals
under different simulation conditions were first analyzed by finite element simulation.

Figure 7 shows the frictional force and the contact area of 0 d NBR seals. Figure 7a
shows the frictional force of the 0 d NBR seals under different loading air pressures. The
frictional force shows a monotonic increasing trend with the increase of loading air pressure
and is consistent with the trend of FC variation in the cylinder friction experiment. The
frictional force of the NBR seals increases by 1.54 N when the loading pressure increases
from 0 MPa to 0.35 MPa. Figure 7b shows the contact areas between the 0 d NBR seals and
the cylinder wall under different loading air pressures. The contact areas increase with the
loading air pressure, and this increasing trend is phased. The contact areas increase rapidly
at the loading air pressure of 0.05 MPa, 0.2 MPa, and 0.3 MPa, the loading air pressure
increased from 0 MPa to 0.35 Ma, and the contact area increased from 22.1 mm2 to 31.4 mm2,
which is a total increase of about 42.1%. This indicates that the variation of the frictional
force of the NBR seals with the loading air pressure is not completely determined by the
contact area. In order to further investigate the variation of the tribological performance,
the variation of the stress at different loading air pressures was analyzed.
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Figure 7. (a) The frictional force and (b) the contact area of the 0 d NBR seals under different loading
air pressures.

Figure 8 shows the Mises stress distribution cloud and shear stress (CSHEAR1) distri-
bution at the frictional contact interface of the 0 d NBR seals. The maximum Mises stress
of the seal gradually shifts to the lower right side of the NBR seal with the increase of the
loading air pressure and gradually increases. Meanwhile, the NBR seals move downward
and deform significantly as the loading air pressure increases and their contact position
with the cylinder wall shifts from the middle region to the lower region. The shear stress
of the NBR seals presents a parabolic shape and reaches the maximum value at the center
of the frictional contact interface. The change of shear stress of the NBR seals increases
significantly with the increase of the loading air pressure. The maximum shear stress
increases from 0.037 MPa to 0.084 MPa when the air pressure increases from 0 MPa to
0.35 MPa. This is mainly due to the increased loading air pressure causing the NBR seals to
have a greater tendency to deform and therefore generate greater contact pressure at the
frictional contact interface, which can be seen in the Mises stress distribution cloud.

Meanwhile, according to the distribution of shear stress, it is found that the value is
smaller at the edge of the contact interface, and the frictional force does not show a phased
increase when the contact area phase increases, which indicates the change of contact area
does not determine the frictional force of the NBR seals under different loading air pressure.
Moreover, the change of maximum shear stress shows the same trend as the change of
frictional force, and it can be judged that the effect of loading air pressure on the frictional
force of the NBR seals in the cylinder is mainly through the increase of contact pressure
at the contact interface, not the increase of contact area. Figure S7 show the shear stress
distribution of the NBR seals under different hydrothermal aging times. Hydrothermal
aging has no obvious effect on the distribution pattern of shear stress at the friction contact
interface of the NBR seals. The effect of hydrothermal aging on the shear stress is mainly
reflected in the distribution area and size of the shear stress. This change is mainly due
to the hydrothermal aging caused by the elastic modulus of the NBR seals increasing,
thus reducing the friction process of the contact area, and is caused by the increase in
shear stress.

Figure 9 shows the variation of frictional force and contact area of the NBR seals
with different loading air pressures for different hydrothermal aging times. According to
Figure 9a, the variation trend of aging NBR seals obtained by finite element simulation at
different loading air pressures is generally consistent with the FC results of the cylinder
friction experiment. However, there are some differences, which will be analyzed later.
According to Figure 9b, the contact area of the aged NBR seals during the friction process
exhibits a phased increase with the increase of loading air pressure (specific values are
shown in Table S2), which is consistent with the trend of the 0 d NBR seals. This indicates
that hydrothermal aging does not change the influence of loading air pressure on the
tribological performance of the NBR seals, which is consistent with that of the cylinder
friction experiment. The frictional force of the NBR seals obtained in the finite element
simulation showed a certain degree of decrease within 0 d–2 d. This decreasing trend
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disappeared with the increase of the loading air pressure, and when the loading air pressure
increased to 0.3 MPa, the trend of its frictional force was basically the same as that of the FC
in the cylinder friction experiment. The NBR seals inevitably shrink due to the increase of
cross-link density in the hydrothermal aging environment; its compression in the cylinder
decreases and leads to the decrease of contact pressure, which decreases the frictional force
in 0 d–2 d. However, the COF of the NBR seals increases with the hydrothermal aging time,
and, after 2 d, the frictional force shows a trend of increasing with the hydrothermal aging
time. Meanwhile, the frictional contact area of the NBR seals increases with the loading
air pressure increases, which implies that the contact pressure increases, and effectively
reduces the reduction of the contact pressure between the NBR seals and the cylinder wall
due to hydrothermal aging. Therefore, the decreasing trend of the frictional force decreases
with the increase of loading air pressure within 0 d–2 d. This can be further confirmed
by comparing the multiplication of the increase in COF in Figure S8 and the increase in
frictional force in Figure 9 with hydrothermal aging time, revealing that the multiplication
of the increase in COF is greater than the increase in frictional force. The shrinkage of the
inner diameter of the NBR seals caused by hydrothermal aging reduces its contact pressure
with the cylinder wall and suppress the decrease of its tribological performance, which is
known by combining the above analysis and Figure 1.

Figure 8. The Mises stress clouds and shear stress (CSHEAR1) distribution of the 0 d NBR seals under
different loading air pressures.
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Figure 9. (a) The frictional force and (b) the contact area of the aged NBR seals under different loading
air pressures.

In addition, it was found that the main difference between the cylinder friction experi-
ment and the finite element simulations is the surface quality of the NBR seals. According
to the friction test of the NBR cylindrical samples and previous studies [42], the surface
quality of the rubber material is closely related to its tribological properties. Moreover, the
frictional contact area is not the main factor affecting the tribological performance according
to the cylinder friction experiment and the finite element simulation results, and the shrink-
age of NBR seals in the hydrothermal aging environment reduces the contact pressure
with the cylinder wall. Therefore, the effect of damp aging on the surface quality of NBR
seals leads to the main factor of its tribological performance change. The evaporation of
additives inside the NBR in the hydrothermal aging environment causes the deterioration
of the surface quality and leads to a faster deterioration of the tribological performance
with increasing hydrothermal aging time.

5. Conclusions

The influence law of hydrothermal aging conditions on the mechanical properties and
tribological performance of rubber sealing materials was investigated through experiments
and finite element simulation. This has an important theoretical value and significance for
the subsequent realization of servo control of pneumatic servo systems under hydrothermal
aging conditions and the development of pneumatic technology. The main conclusions are
summarized as follows:

• NBR undergoes oxidation, cross-linking, chain-breaking, etc. in the hydrothermal
aging environment, which leads to changes in the chemical structure. Moreover,
the internal additives precipitate out onto its surface, which causes the appearance
of surface micropores. The number and size of these micropores increase with the
hydrothermal aging time.

• The cross-link density between molecules of NBR increases in the hydrothermal aging
environment, and the strength of the connection between molecular chains is enhanced,
resulting in increased hardness, tensile and compressive resistance, and weakened
elastic deformation. Therefore, the NBR seals shrink in the hydrothermal aging
environment, which reduces the contact pressure between them and the cylinder wall.

• The increase in loading air pressure in the cylinder causes an increase in dynamic
friction and does not affect the effect of hydrothermal aging time on the tribological
performance of NBR seals. The dynamic friction of the NBR seals in the cylinder gradu-
ally increases with the increase of the hydrothermal aging time, which is mainly due to
the increase in the number and size of surface micropores caused by the volatilization
of additives inside the NBR in the damp aging environment. The deterioration of
the surface quality leads to the degradation of the tribological performance of the
NBR seals, and shrinkage of the NBR seals due to hydrothermal aging suppresses the
degradation of the tribological performance.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16010081/s1, Figure S1: Schematic diagram of the NBR
cylindrical samples preparation; Figure S2: Schematic diagram of the modified friction testing ma-
chine; Figure S3: Schematic diagram of the cylinder dynamic friction test machine; Figure S4: The
simulation model of the NBR seals in the cylinder; Figure S5: (a) Stress-strain curves of the NBR cylin-
drical samples and (b) force-deformation curves of the NBR seals with different hydrothermal aging
times; Figure S6: The Ff-piston velocity variation curves of the cylinder equipped with the aged NBR
seals; Figure S7: The shear stress distribution of the NBR seals under different hydrothermal aging
times (Air pressure = 0.35 MPa); Figure S8: The variation curves of the COF of the rubber cylindrical
samples with the hydrothermal aging time under lubrication conditions; Table S1: Parameters of
Mooney-Rivlin model for rubber under different hydrothermal aging times; Table S2: The specific
contact areas of the aged COP-type seals during sliding under different loading air pressures.
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