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Although the discovery of plastic has revolutionized materials used in many industries and by consumers, their
non-biodegradable nature has led to one of the greatest problems of our times: plasticwaste in the environment.
Bioplasticswhich are biobased and biodegradable, have been suggested as alternatives for their fossil based coun-
terparts, but their properties often do not meet the requirements that standard plastics would, and are in clear
need of improvement.
One way to do so is by the addition of nanoparticles which, when homogeneously dispersed, have been reported
to result in great improvements. However, in practice, homogenous distribution of nanoparticles is not that trivial
due to their tendency to aggregate, also after addition to the polymermatrix. Although theoretical frameworks to
prevent this process are available, we feel that the options explored in practice are often rather trial and error in
nature. For that reason,we review the theories available, aiming to facilitate the design of the nanocomposites for
a sustainable future.
Wefirst discuss thermodynamic frameworkswhich revolve around nanoparticle aggregation. Tominimizenano-
particle aggregation, the nanoparticle and polymer can be selected in such away that they have similar polar and
dispersive surface energies. The second part is dedicated to nanocomposite processing, where kinetic effects act
on the nanocomposite material therewith influencing its final morphology, although it is good to point out that
other factors such as reaggregation also affect thefinal nanocompositemorphology. The third section is dedicated
to how nanoparticles affect the polymer matrix to which they are added. We describe how interactions at an
atomic scale, result in the formation of an interphasial region which ultimately leads to changed bulk material
properties.
From these three sections, we conclude that three parameters are often overlooked when designing nanocom-
posites, namely the surface energies of the nanoparticles and polymers, the aggregation bond energy or strength,
and the interphase region. Therefore, in the fourth sectionweprovide an overview of techniques to identify these
three parameters. We finish with a summery and outlook for the design of bio nanocomposites, where we bring
all insights from the previous four sections together.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic representation of the free energy of immersion. Retrieved from [13].
1. Introduction

For the production of the first plastics, natural materials were used
that were eventually modified to reach improved functionality, and in
a later stage evolved into completely synthetic polymers that showed
remarkable properties in terms of e.g. strength per weight of material
used. Currently, synthetic polymers are subject to scrutiny for their en-
vironmental impact related to the use of fossil fuels for their production,
and low biodegradability. Bio-degradable polymers are therefore
gaining more and more interest, although it should also be pointed
out that the functionality of these polymers can be rather low compared
to their synthetic counterparts. Further functionalization is therefore
needed, and in this paperwe focus on the use of nano-particles to do so.

The addition of nanoparticles to polymer matrixes has led to ex-
traordinary material properties compared to the base-polymer, such
as increased mechanical strength, increased thermal stability, and in-
creased barrier properties [1–7]. In the early days, the focus laid mainly
on the automotive and aviation industry, which resulted in the use of
nanocomposites in for example tires or conveyor belts. Besides tuning
macroscopic polymer properties, it has been suggested that extra func-
tionality, e.g. anti-oxidant or anti-microbial, can be created if the nano-
particle possesses that functionality [8–12]. These latter two aspects are
especially of interest for packaging materials for food, or medical
applications.

The enhanced properties of nano-composites are related to the high
surface area of the nanoparticles, which facilitates interaction with the
base polymer. However, not all combinations are successful, in fact,
huge differences in final material properties have been reported even
when similar starting materials were used. Besides, the properties of
the polymer and the particles need to bematched, one of themain chal-
lenges is to achieve a homogeneous dispersion of nanoparticles
throughout the polymermatrix. This is only possible if particle aggrega-
tion, a process driven by fundamental properties of the polymer and the
particle, is prevented. Besides that, we feel that clear material – process
– structure – property relationships are missing, and that design of a
nanocomposite mostly relies on trial and error approaches, also due to
the complexity of the processes at hand. In short, designing a nanocom-
posite with desired properties is far from trivial.

Investigating nanocomposite systems is a challenge in itself due to
the small size of the nanoparticles which asks for advanced techniques.
Still, a lot of knowledge is available, whichwe try to compile that in this
review. The first section is dedicated to particle and polymer properties,
and revolves around thermodynamic arguments. In the second section,
we highlight process-related aspects that revolve around kinetic effects
that play a role, e.g. in aggregation. In the third section we focus on how
nanoparticle – polymer interactions affect material properties on differ-
ent length scales. The fourth section is dedicated to techniques to
2

quantify several design parameters as identified in the earlier three sec-
tions. We will wrap up with a section in which we bring the insights
presented in the previous sections together as an outlook for the design
of bio-nanocomposites.

2. Nanoparticle and polymer selection

Nanoparticle and polymer selection is a crucial step in nanocompos-
ite design because nanoparticles can significantly changematerial prop-
erties. To maximize their effect on the polymer matrix, one should
achieve a homogeneous dispersion, which is generally considered the
main challenge in nanocomposite development and design.

For homogeneous dispersion given equilibrium conditions, the in-
terfacial compatibility between the filler and the polymer plays a crucial
role. From a thermodynamic point of view, the free energy can be used
to determine whether a process may take place. For nanocomposites,
the free energy of immersion (ΔGi), can be used to quantify whether
the dispersed state is favored over the non-dispersed state [13] (Fig. 1).

ΔGi ¼ γpf−γff ð1Þ

Here, γpf is the interfacial energy in J/m2 between the polymer and
the filler and γff is the surface energy of the filler alone J/m2. When
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ΔGi is <0, the dispersed state is favored and when ΔGi > 0 the non-
dispersed phase is favored.

The γpf-part of the equation can be calculated using the surface en-
ergies of the filler and polymer (which is also related to the contact
angle, see section “4.1 Surface energies”). The total surface energy of a
compound is the product of a dispersive component (γd) and a polar
component (γ p). The dispersive component represents interactions
due to London's dispersive forces whereas the polar component repre-
sents the polar functional groups such as the hydroxyl or amino moie-
ties. The total surface energy can be described as:

γ ¼ γd þ γp ð2Þ

Implementing Eq. (2) in Eq. (1) gives the following relationship be-
tween the free energy of immersion as function of the dispersive and
polar components of the filler and the polymer, respectively [13]:

ΔGi ¼ γp−2
ffiffiffiffiffiffiffiffiffiffiffi
γd
f γ

d
p

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
γp
f γ

p
p

q� �
ð3Þ

where γ f
d and γ p

d are the dispersive components of filler and polymer,
respectively, andγ f

p andγ p
p the polar components. Eq. (3) indicates that

the polar and dispersive components of the filler and the polymer
should be similar in order to allow spontaneous dispersion of the filler
in the polymer matrix.

Stöckelhuber et al. [13] used this approach for rubbers in combina-
tion with different fillers including silica and nanoclays. Most ΔGi's
were strongly negative, and could be correlated to the free energy of im-
mersion and different dispersibility behaviors, although there are some
doubts about the actual values that were obtained. Tang et al. [14]mod-
ified attapulgite to improve its compatibility with EPDM (ethylene-pro-
pylene-diene monomer). Although a decline in the free energy of
immersion did not directly lead to a decreased aggregate size, it could
be correlated to an increased tensile strength, i.e. improved mechanical
properties.

Alternatively, the work of adhesion between filler-filler and filler-
polymer has been suggested by Natarajan, Li et al. [15] who showed
that the ratio between the work of adhesion of the filler-polymer
(WFP) needs to be higher than the work of adhesion between the filler
particles (WFF). Similarly as the free energy of immersion,WFP/WFF can
be calculated using the dispersive and polar components Eq. (4).

WPF

WFF
¼

2
ffiffiffiffiffiffiffiffiffiffiffi
γd
f γ

d
p

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
γp
f γ

p
p

q� �
2γf

ð4Þ

Natarajan, Li et al. [15] found consistent relationships betweenWPF/
WFF and the dispersion of different silica nanoparticles in polystyrene,
poly(methyl methacrylate), poly (ethyl methacrylate), and poly(2-vi-
nylpyridine). Khoshkava &Kamal [16] used the same approach to inves-
tigate modified cellulose nanocrystals in poly lactic acid and poly
propylene. Also here an increased WPF/WFF was indicative of improved
dispersibility, although this could not be related to aggregate size. Inter-
estingly, these results correspond well to molecular dynamic simula-
tions which show that the interaction strength of filler–polymer and
filler–filler were the dominant enthalpic factors for dispersion of nano-
particles in a polymer melt [17].

Whether one uses ΔGi, WPF/WFF, or another comparable ap-
proach, generally having a similar polar and dispersive component
in nanoparticle and matrix is a good approach to improve nanopar-
ticles dispersion [18–20]. Obviously, this limits the combinations
that can be considered greatly, therefore modification of either the
particle or the polymer is a viable way to extend the options for
nanocomposite production. For example, L. Zhang et al. [18] modi-
fied carbon black nanoparticles and found improved dispersion
when the surface energies were similar as poly lactic acid, and
Gan et al. [20] tuned surface acetylation of cellulose nanocrystals
3

to match poly (3-hydroxybutyrate-co-4-hydroxybutyrate). These are
only a couple of examples; many papers discuss possible modifica-
tion routes, for instance [21–24].

3. Nanocomposite processing

In the previous section we have presented a theoretical framework
for (modified) nanoparticle selection based on thermodynamic argu-
ments. However, in practice this may not be the determining factor to
achieve a homogeneous dispersion of nanoparticles in the polymer ma-
trix. Nanoparticles may get physically trapped in a solidified polymer,
thus leading to a kinetically arrested system that has not reached ther-
modynamic equilibrium [25]. Which of the aspects contributes most
to the actual product also depends on the production method, and
those are elaborated in this section.

In general, three different production methods can be distin-
guished, i.e. solvent casting, melt mixing, and in situ polymerization.
During solvent casting, the nanoparticles and polymer are added to
a solvent after which the mixture is ‘poured’ into a mould. As it
takes some time until all solvent is evaporated, both thermodynamic
and kinetic arguments are expected to be relevant, depending on
the removal rate of the solvent. During in situ polymerization, the
nanoparticles are either added to a solution with the monomer or to
the monomer itself. The polymerization process starts at the surface
of the particles triggered by a catalyst, which can be an external initi-
ator, heat, or radiation [26,27]. In contrast to the solvent casting and
melt mixing process, a covalent bond is formed. This has shown to im-
prove the dispersibility in the polymer matrix [28,29], as potential
nanoparticle aggregates were torn appart during the reaction [30].
For the product made, both the (modified) thermodynamic, and ki-
netic considerations are of importance. During melt mixing, nanopar-
ticles are added to a polymer melt under high shear forces. Often a
twin screw extruder is used to promote dispersion of fillers [31]. Com-
pared to in situ polymerization and solvent casting, kinetics is ex-
pected to play the biggest role in melt mixing as the material is
directly solidified after production. In industry, melt mixing is by far
the most used processing method because it is relatively environmen-
tally friendly, cost effective, and industrially viable [27]. For that rea-
son, we mainly consider melt-mixing based on extrusion in the next
section.

The relevant processes in an extruder can be sub-divided into differ-
ent phases as presented in Fig. 2, during which:

1. Nanoparticles are added to the polymer melt.
2. The nanoparticle surface is wetted by the matrix and depending on

the interfacial compatibility, the polymer may infiltrate the aggre-
gates. The latter process is sometimes referred to as intercalation.

3. Nanoparticle aggregates break up and are ‘homogeneously’ dis-
persed in the matrix.

4. Depending on the interfacial compatibility and the solidification
time, reaggregation may occur.

3.1. Filler addition

In general, there is a continuous competition between thermody-
namics driving the particles together and kinetics breaking the aggre-
gates up, which leads to a certain aggregate size [32]. Móczó &
Pukánszky [33] described this mathematically:

Fa
Fh

¼ k
WAB

ηẏR ð5Þ

where Fa/Fh is the ratio between the adhesive forces and hydrodynamic
forces acting on a nanoparticle aggregate,WAB is the reversible work of
adhesion between particles in an aggregate, ẏ is the shear rate, η is the
melt viscosity, and R is the aggregate radius or in ideal cases the radius
of the individual nanoparticles.is the particle/aggregate size.



Fig. 2.Different processes occurring in an extruderwhere 1) nanoparticle addition 2) particlewetting and the surrounded polymer infiltrating the nanoparticle aggregates 3) nanoparticle
aggregate beak up provided that the applied shear forces are higher than the cohesive shear forces 4) solidification and possible reaggregation when the work of adhesion is much larger
than 0.
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Separating R gives:

R ¼ k⁎
WAB

ηγ
Fh
Fa

ð6Þ

Eq. (6) basically suggests that the final morphology of a nanocom-
posite depends on the kinetic and adhesive forces acting, rather than
the initial state of the nanoparticles, e.g. a powder or dispersion. Exper-
imentally this has been confirmed byGaspar et al. [34]who investigated
themorphology of different fullerene C60 formulations along the axis of
a twin screw extruder. Thefinalmorphologywasmainly driven by ther-
modynamics and flow conditions, and particle pre-treatment was less
important.

However, in practice the equilibrium size is seldomly reached, con-
sidering the commonly applied shear rates and short residence times
in an extruder. To improve dispersion, it is expected that interfacial
compatibility is themost important design parameter, that is, in combi-
nation with certain process conditions. Nevertheless, the actual prepa-
ration of the nanoparticle may play a role as pointed out by for
instance, Khoshkava & Kamal [35], who found a smaller aggregate size
in poly propylene nanocomposites when the cellulose nanocrystals
were spray dried instead of freeze dried, which is expected to have in-
fluenced the porosity of the particles [35–37]. Obviously, starting from
a smaller initial aggregate size is beneficial, as this is closer to the final
desired morphology Furthermore, it was found that dispersibility im-
proved by increasing the porosity of the nanoparticle aggregates
[37,38] as also discussed in the next section.

3.2. Particle wetting and polymer infiltration

The nanoparticle surface can be wetted by the polymer melt pro-
vided that the interfacial compatibility is beneficial. Whether this is
the case is determined by the contact angle (θ), which is 0° in case of
4

complete wetting, but has a finite value in most practical systems. The
contact angle can be calculated from the surface energies of the filler
and polymer [39,40]:

cos θ ¼ −1þ 2

ffiffiffiffiffiffiffiffiffiffiffi
γd
Pγ

d
F

q
γF

þ 2

ffiffiffiffiffiffiffiffiffiffiffi
γp
Pγ

p
F

q
γF

¼ −1þ 2
WPF

WFF

cos θ ¼
−1þ 2

WPF

WFF

WPF

WFF
<1

1
WPF

WFF
≥1

8>><
>>: ð9Þ

Please note that the interfacial properties discussed in the thermo-
dynamics section co-determine the contact angle. A contact angle ~0°
implies better particle dispersibility.

Whether polymer infiltration due to capillary effects plays an impor-
tant role, depends on nanoparticle and polymer properties. Generally,
capillary rise can be described by the Lucas-Washburn equation:

H tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γpolymer r t cosθ

2η

s
ð10Þ

whereH is the rise of a fluid (in our case amolten polymer), r is the pore
radius of the nanoparticle aggregate, θ is the contact angle between the
meniscus and thewall, η is the viscosity of thefluid (in our case amolten
polymer), and t is the wetting time.

Depending on the properties of the nanoparticle and polymer, capil-
lary forces may be very significant, or not at all important. To illustrate
this, we consider magnesium carbonate nanoparticles with an aggre-
gate size of 30 nm leading to pore sizes between 1 and 10 nm [41].
When completely wetted (θ = 0°) and added to a polymer melt with
viscosity of 600 Pa·s, the capillary rise H = 3 μm after 60 s, which
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implies that the polymer can penetrate the whole nanoaggregate. This
also illustrates the size of aggregates that are expected to be affected
by polymer intrusion, and which ones are not or hardly. We are aware
that capillary forces are sometimes mentioned, but in most cases they
play a minor role because of the high viscosity of the polymer melt in
combination with small pore sizes and the short times available for in-
trusion to take place. Still, in some applications for instance carbon
nanotubes capillary forces are relevant, and are sometimes even used
in the production of nanocomposites [42].

To be complete, we would like to mention that the suitability of the
Lucas-Washburn equation for effects occurring at nanoscale has been
questioned by some [43,44], although molecular dynamics studies
[42,45], and experimental studies [46] have found good agreement be-
tween the Lucas-Washburn equation and capillary forces on nanoscale.

3.3. Aggregate break up and distribution

Since nanoparticle aggregates are often the starting point for nano-
composite production, both dispersion and distribution of nanoparticles
through the polymer melt are of importance. The molten polymer is
transported through the extruder at high shear [31], which in turn
leads to nanocomposite dispersion.

Obviously, the higher the shear forces the higher the probability an
aggregate will break up. The dimensionless number Prob has been
used to described this [47–49]. A general expression for this probability
can be written as:

Prob ¼ e
−σ
τ ð11Þ

where σ is the cohesive strength of the aggregate and τ is the shear
stress of the medium. The cohesive strength of the aggregate is depen-
dent on for example the size of the particles as well as the cohesive
forces including van der Waals or hydrophobic forces [47]. Unfortu-
nately, σaggregate is not often quantified, yet could provide much insight
because the extrusion process can be tailored in such a way that the
shear forces are higher than that. The shear stress is the product of the
polymer viscosity ηP and the medium strain rate γ.

τ ¼ ηp γ ð12Þ

The medium strain rate depends on the geometry of the extruder.
For a concentric cylinder the relationship between geometry and me-
dium strain rate is as follows:

γ ¼ Rω=h ð13Þ

where R is the radius of the housing, w is the rotational speed of the
mixing blade (rad/s) and h is the spacing between the inner wall of
the housing and the edge of the mixer blade.

Relationships as shown in Eq. (13), can also be described in terms of
energy input (Einput) required to overcome the bond energies within an
aggregate (Eaggregate):

Prob ¼ e
−Eaggregate

Einput ð14Þ

For extrusion processing, Einput is commonly described in terms of
the specific mechanical energy (SME) that is used to compare the im-
pact of different processing conditions on the nanocomposite material.
The SME (in kWh) can be calculated using:

SME ¼ Pmotor

τmaxNmax
⁎
τ N
Q

ð15Þ

where τ is the drivemotor torque,N is the screw rotation speed, andQ is
the flow rate. Although Fcohesive or Eaggregate are rarely determined, qual-
itatively it is well known that a certain energy barrier needs to be over-
come before dispersion occurs, and many large scale experiments have
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found a decreasing aggregate size upon increasing SME [50–54]. How-
ever, finding experimental proof can be rather unpractical, especially
for newly developed materials for which the amount of nanoparticles
may be limited in relation to what would be needed for a typical extru-
sion experiment, and ofwhich the production processwould also not be
optimized.

To get an impression of whether full dispersion is possible it is rec-
ommended to determine Eaggregate or Fcohesive using a small scale. Re-
cently, we have developed such a method, which is further discussed
in section “Aggregate strength – Static light scattering” [55] We found
an Eaggregate of ~370 kJ / g chitin nanocrystal aggregates. Van der Waals
interactions and hydrogen bonds are believed to be themost important
interactions within a chitin nanocrystal aggregate. In addition we could
also quantify a critical energy barrier of ~100 kJ/g chitin nanocrystals,
which can be determined as theminimal energy needed before disinte-
gration occurs. Commonly about 0.17–0.27 kWh/kg is applied during
extrusion. Considering a filler content of 5 wt% and a maximum resi-
dence time of 10 min, a maximum Einput of ~1 kJ/g material can be
achieved. This means that about ~50 J/g chitin nanocrystals is available
for aggregate break down, assuming that the energy is distributed
equally. This value is a factor 2000 lower than the critical energy barrier
we identified before.Webelieve that this is one of the reasonswhy it re-
mains difficult to achieve a homogeneous dispersion of chitin
nanocrystals through polymer matrix without surface modification.
Still, one should be cautious in translating these results to larger scale
given that the processes taking place in an extruder are very complex.
For example, it is well known that the screw configuration can tailor
the amount of mechanical mixing, the residence time, and pressure
levels, and these are only partly considered in the SME approach [56,57].

3.4. Reagglomeration during solidification or annealing

Besides all previously mentioned arguments, it is good to point out
that there is a continuous thermodynamic force driving the nanoparti-
cles to re-agglomerate both in (aqueous) dispersions and in polymer
melts [32,37,58,59]. This is nicely demonstrated by Vilaverde et al.
[59] who investigated the dispersion and re-agglomeration of graphite
nanoplatelets in polypropylene melts. During the extrusion process,
the feed stream passes through different extrusion chambers. Early on
in the extrusion process (denoted as channel 0–5 in (Fig. 3)), a decreas-
ing particle size was observed (Fig. 3). However, once the material en-
tered the relaxation chamber where no kinetic force was applied, the
particle size rapidly increased to its original size, emphasizing that con-
tinuous force needs to be applied tomaintain homogenous dispersion in
a polymer melt. Interestingly, in the same work, the particle size de-
creased faster in chambers 6–10, compared to the initial dispersion
phase, which is indicative of easier re-dispersion.

After extrusion, the nanocomposite material is solidified, whichmay
also include time to anneal if the time for reaggregation is smaller than
for solidification. According to Wang and Keddie [60], the tendency of
two particles to reaggregate can be described by the difference in
work of adhesion (ΔWa). Similarly as the Gibbs free energy (ΔGi) of
Eq. (3) orWFP/WFF of Eq. (4), these calculations are based on the disper-
sive and polar components of the filler and polymer:

ΔWa ¼ 2⁎
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γd
F−γd

P

q� �2

þ 2⁎
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γP
F−γP

P

q� �2

ð16Þ

A ΔWa ≈ 0 has been associated with homogenous dispersion, and a
highΔWawith a large driving force of reagglomeration [13]. In practice,
ΔWa is always positive, because it is very unlikely that the polar and dis-
persive component of the nanoparticle and polymer completely match.
This implies that all nanoparticles will eventually form agglomerates
given sufficiently long time. It is good to point out thatΔWa is no indica-
tor for the aggregate size, as that is also determined by the mobility of
the aggregates as a consequence of their size and medium viscosity.



Fig. 3. The evolution of particle size (area ratio (%)) for nanocomposites containing 2 wt% graphene nanoplates prepared at different speeds. The area ratio of the fillers was determined
with image analysis of transmission electron microscopy pictures. Retrieved from [59].
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3.5. How to combine thermodynamic and kinetic effects?

To summarize, the final structure of a nanocomposite is the result of
thermodynamic and kinetic events, and thus both should be considered
when designing a nanocomposite material. Hassinger et al. [52] made a
first step toward a quantitative tool for predicting dispersion of nano-
composites under non-equilibrium conditions. They tried to describe
the final dispersion state of the nanoparticles by the interfacial compat-
ibility between the nanoparticles and polymer (WPF/WFF) and the ap-
plied mixing energy in J/s. As hypothesized, their results indicate that
the dispersion quality was dependent on both parameters, though a
stronger dependency of compatibility between polymer and particle
was found. Using datamining techniques, these authors tried to develop
amathematical expression which could predict the final morphology of
a nanocomposite based in its compatibility and the applied energy.
However, they found that another parameter needed to be included as
well, i.e. f(matrix), which describes the mobility and crystallinity of the
polymer matrix. The first step toward a predictive tool is very valuable
but also emphasizes the complexity of the development of nanocom-
posite materials.

4. Effect of nanoparticles on polymer

In the previous two sections we have presented different ways to
look at dispersibility of nanoparticles in the polymer matrix, i.e. using
thermodynamic and a kinetic arguments. In this section we will focus
on nanoparticle– polymer interactions and how this affects thematerial
properties at micro and bulk scale (Fig. 4).

4.1. Nanoparticle-polymer interfacial interactions

Nanoparticles and polymers can interact in different ways with co-
valent interactions, hydrogen bonding, and van der Waals interactions
considered to be of most important for nanocomposites. To determine
the dominating interaction in a certain nanocomposite, the functional
groups of the nanoparticles and the matrix of choice need to be
considered.

Covalent interactions (formed during in-situ polymerization or cross
linking) have proven to effectively improve nanocomposite properties
e.g. mechanical strength [28,29]. Two main reasons could be ascribed
to this. First, covalent bonds are very strong (up to 200 kBT) especially
compared to hydrogen bonds or vanderWaals interactions that amount
to ~10 and ~ 1 kBT, respectively [61]. Second, an improved nanoparticle
dispersibility has been observed because potential aggregates could be
6

torn apart during the reaction [28–30]. Thus for these systems it is likely
that covalent bonds are the most dominant interfacial interactions, and
drive product improvement, though hydrogen bonds and vanderWaals
interactions could contribute aswell. For example, Shen et al. [62] added
silver graphene oxide nanoparticles to a polylactic acid matrix. Nano-
composites prepared via in-situ polymerization showed bettermechan-
ical and antibacterial properties compared to melt blending, while both
techniques resulted in better properties compared to theneat poly lactic
acid. Luong et al. [63] added graphene sheets to polyimide matrix via in
situ polymerization. The Young's modulus increased by approximately
30% at only 0.38 wt% filler addition.

Though hydrogen bonds and van derWaals interactions are weaker
compared to covalent bonds, significant improvements can also be
found in nanocomposites if these interactions dominate. The addition
of 1 wt% chitin nanocrystals increased the tensile strength of maize
starch films from 1.64MPa to 3.69MPa [64]. Also in polyurethane silica
nanocomposites, the enhanced thermal and mechanical properties
were related to hydrogen bond formation between silanol groups on
nanoparticles and the ester and carbonyl groups in the soft segments
[65–68]. Obviously, if hydrogen bonds are dominant, both the nanopar-
ticles and the polymers should have functional groups which can either
accept or donate protons. The number and nature of the hydrogen
bonds seems to be of importance for the reinforcement [69]. Even nano-
composites ofwhich the reinforcement is entirely dependent on vander
Waals interactions have been described in literature. A great example
are unfunctionalized carbon nanotubes added via melt blending. Exper-
imental [70] andmodeling studies [71,72] showed these systems solely
rely on van der Waals interactions [73–75].

Please note that in contrast to most colloidal systems, ionic interac-
tions are not considered formost nanocomposites systems. The conduc-
tivity of most plastic polymers is extremely low, and for that reason it is
not likely that ionic interactions play a significant role if any. However,
ionic interactions could play an important role during the production
of nanocomposites, especially if water is present [76,77].

4.2. Formation of an interphase region

It is widely accepted that the mobility of the interfacial polymer
changes as a consequence of the previously discussed interfacial inter-
actions, which ultimately changes bulk properties. For this, the strength
of the interfacial forces is also of importance, as it influences to which
extent the interfacial polymer is restricted [15,33,78–80].

The region at which one single nanoparticle has an influence on the
polymer matrix is called the interphase (Fig. 4), and here the properties



Fig. 4. Schematic overview of nanoparticle interactions at different length scales. Van der Waals interactions, hydrogen bonds, and covalent interactions occur at an atomic level, which
results in the formation of an interphase with different properties compared to the nanoparticles and polymers alone. When homogeneously dispersed, this leads to a larger
interphasial region, with changed bulk properties.

Fig. 5. a) Height and b) adhesionmaps showing a single cellulose nanocrystal (markedwith yellow arrows) c) Average adhesion profile of the area shown by red rectangle in the adhesion
map in b. Using this profile, CNC diameter (9 nm) and average interphase thickness were measured. Retrieved from [69].
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of the material are different than that of the polymer or the nanoparti-
cles. To date, atomic force microscopy (AFM) is the only way to directly
visualize and quantify the length of the interphase region. One example
is the study of Pakzad et al. [69] where they investigated the effect of
cellulose nanocrystals crosslinked to a polyvinyl alcoholmatrix via poly-
acrylic acid (Fig. 5). By using the peak force tapping mode, the adhesion
force between the AFM tip and the nanocomposite was related to the
polymer, the nanoparticles, and the interphasial region. It was found
that the thickness of the interphase varied between 4 and 35 nm, de-
pending on the particle diameter. This was explained by an increased
surface area which can give rise to a thicker interphase [69,81,82].
This effect was also observed with molecular dynamic simulations,
however Phys et al. [83] found that the thickness of the interfacial re-
gion is only sensitive to the nanoparticle size when the interfacial inter-
actions are strong.

Also others used atomic forcemicroscopy to quantify the interphase:
Houssat et al. [84] for polyimide silicon nitride nanocompositewith par-
ticles with a size of 20–40 nmwhich resulted in an interphase thickness
of 27.25 nm, and Hui Huang et al. [85] found that the interphase of
40 nm sized silica particles could reach 55–70 nm in a poly(ethyl meth-
acrylate) and poly(isobutyl methacrylate) matrix. Depending on the
particle and polymer properties, the size of the interphase can vary
from nanometres to around a micrometre in a heterogeneous gradient
system [69,86–88].
4.3. Change in bulk properties

Though the region of the interphase is relatively small (several
nanometres up to ~1 μm), it is important to realize that the effects
that occur in this region are responsible for improvements at bulk
scale. Considering the small size of nanoparticles, and high specific sur-
face area, a significant volume of nanoparticle – polymer interphase is
created. This implies that even at low particle loadings much of the
bulk material could be considered an interphasial region, leading to
bulk properties being dominated by the material properties in this re-
gion. In fact, there are even indications that the enhancement of stiff-
ness increases by 5% at the midpoint of two interphasial regions,
suggesting these effects may be additive [89].

Keeping this in mind, it is logical that bulk properties change, and
this has been extensively reported for many different types of particles
[1–7]. Commonly reported enhancements include increased mechani-
cal strength and improved barrier properties [1–7,90]. To stress the im-
portance of the interphasial region, it is important to mention that in
different numerical, mathematical, simulation models the interphasial
region is used to predict product properties, for instance in the intensity
model of Lewis [91], or the multi-core model of Tanaka [92], although
many more exist [93–99].

To prevent any confusion, it is good to point out that the degree of
crystallinity (X%) is an indicator for polymer mobility at bulk scale.
However, increased interphasial region stiffness, does not necessarily
lead to increased crystallinity; this could be the result of a nucleating ef-
fect as reported for amongst others cellulose nanocrystals [100], carbon
nanotubes, and nanoclays [101–103]. When homogeneously dispersed,
nanoparticles provide nucleation sites which accelerate polymer
crystallization.

Natarajan et al. [15] proposed an experimental approach to predict
whether a nanoparticle – polymer combination results in improved
properties. They based their method on the hypothesis that for a poly-
mer to spread spontaneously on the filler surface, the relative attraction
of the monomeric units needs to be higher than the cohesive attraction
in the bulk [104]. This could be described by the ratio between thework
of adhesion between the filler-polymer and the polymer-polymer, i.e.
the work of spreadingWs:
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Ws ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
γd
Pγ

d
F

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
γp
Pγ

p
F

q� �
−2 γd

P þ γp
P

� �
ð17Þ

A Ws of ≥0 suggests an attractive interaction between polymer and
filler and should therefore result in a decrease in polymer mobility.
WhenWs is ≤0, the polymer– polymer interaction is stronger, and no ef-
fect on polymer mobility should be visible. Using this approach, good
correlations between increased Ws and an increased glass transition
temperature were found [15].

5. Techniques to investigate nanocomposite systems

As is clear from the previous sections, designing a nanocomposite
with desired properties is far from trivial. Nevertheless, the presented
theoretical frameworks supply a lot of insight on compatible particle /
polymer combinations that allow creation of a homogeneous nanopar-
ticle distribution, resulting in the formation of an interphase region
and ultimately in improved bulk properties. The nanoparticle and poly-
mer surface energy, Fcohesive and Eaggregate, and the thickness of the inter-
phase are key for that, and in this section we discuss different
techniques to quantify these parameters.

5.1. Surface energies

The surface energy has shown to be a crucial parameter for thequan-
tification of the interfacial compatibility between nanoparticle and
polymer matrix. Amongst others, free energy of immersion (Eq. (3)),
the ratio between the work of adhesion of the filler-polymer and the
work of adhesion between the filler particles (Eq. (4)), and the work
of adhesion (Eq. (18)) were previously mentioned. In these equations
a division of the total surface energy into a dispersive and a polar com-
ponent (Eq. (2)) is used, which can be quantified with different
methods such as direct contact angle measurement, the Wilhelmy
method, or inverse gas chromatography. In Table SI 1, we give an
overview of the various values that we found in the consulted refer-
ences, and that we compiled to give our readers direct access to
values that can be used in nano-composite design. It is clear that
the actual values vary greatly, as is the split between polar and dis-
persive components. Further, the surface energy is temperature de-
pendent [105]; e.g., organoclay had higher surface energies than
HDMP and PS at room temperature, but the situation was reversed
at processing temperature [106].

5.1.1. Direct contact angle measurements
Contact angle measurement is one of the most common techniques

to determine the surface properties of solids. It uses the contact angle
between a surface (e.g. a plastic film or a pellet of nanoparticles) and
the edge of a liquid droplet, which amongst others gives information
about the hydrophobicity and wettability of a certain surface.

For solids the surface energy can only be derived indirectly, and dif-
ferent methods can be used, for instance Fowkes [107] and Owens-
Wendt [39]. We take the Owens-Wendt approach as an example,
which considers the surface free energy as the sum of a dispersive and
polar component (Eq. (2)). The surface energy and individual compo-
nents for amaterial of choice can be calculated using at least two liquids
of which these previously mentioned dispersive and polar values are
known. The dispersive (γ s

d) and polar component (γ s
p) of the material

of choice can be calculated using:

γd
s

� �0:5
¼ γi cos θi þ 1ð Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γp
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p
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Fig. 7. RT(ln(Vn)) against the carbon number of the alkanes used Dorris-Graymethod; the
dispersive free energy is determined from the slope. Retrieved from [110].
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And

γp
s

� �0:5 ¼
γj cos θj þ 1
� �

−2
ffiffiffiffiffiffi
γd
s

q
=γd

j

2
ffiffiffiffiffiffi
γp
j

q ð19Þ

where γi and γj are the total surface energies of liquid i and j, γ i
p and γ j

p

are the polar component of liquid i and j, γ i
d and γ j

d are the dispersive
component of liquid i and j, and θi and θj are the contact angles of liquid
i and j respectively.

Although the contact angle technique is a relatively straight forward
approach, it's accuracy relies on many factors including the surface ri-
gidity, surface roughness, physical and chemical homogeneity, and sur-
face impurities. The influence of each of these factors are discussed in
[108,109].

5.1.2. Wilhelmy and tilted plate method
Like direct contact angle measurements, also the Wilhelmy method

and the tilted platemethod use a contact angle to determine the surface
free energy. In case of the Wilhelmy method, particles are fixed at a
double-face adhesive plate and immersed and withdrawn from differ-
ent solutions. The advancing contact angle during immersion of the
plate (θa), and the receding contact angle (θr) during withdrawal are
measured (Fig. 6A). In case of the tilted plate method, the nanoparticles
are fixed on a plate onwhich a sessile droplet is formed.When the plate
is tilted, an advancing contact angle is formed at the bottom of the drop,
and a receding contact angle is formed at the upper side of the drop
(Fig. 6B). Just like the direct contact measurements, the individual com-
ponents of the total surface energy can be calculated with the Owens-
Wendt Eqs. (18), (19).

5.1.3. Inverse gas chromatography
Inverse gas chromatography (IGC), has shown to be a valuable tool

for the characterization of surface and bulk properties of solid materials
including nanoparticles and polymer plastics. One of its most used ap-
plications, is for the quantification of the surface free energy [110].

Two methods exist to determine the dispersive and polar compo-
nent of a sample, i.e. the Dorris-Gray [111] and Schultz method
[112]. Here, we only present the Dorris-Gray method because it has
shown to be the more accurate [113]. For information on the Schultz
Fig. 6.A schematic illustration of A) theWilhelmy techniquewhere a plate is covered by particl
receding contact angle. Retrieved from [13] B) the tilting plate techniquewhere a sessile drop is
the advancing contact angle at the lower side of the drop, and the receding contact angle at th
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method or IGC in general we refer to the review of Mohammadi-Jam
and Waters [110].

Regarding the analysis technique itself, the sample of choice is
packed into a column, after which a series of alkanes with known dis-
persive and polar components are injected. The retention volume Vn

for each of the alkanes is determined, and RTln(Vn) is plotted against
the carbon number of the alkanes. This leads to a linear graph, as illus-
trated in Fig. 7 for quarts [110]. The dispersive component of the surface
free energy can be determined from the slope of the produced graph:

γD
s ¼ slope2

4N2 aCH2ð Þ2γCH2

ð20Þ

The polar component of the surface free energy can be determined,
for example by the polarisation method [114]. First the specific free en-
ergy of adsorption of the different probe molecules (i.e. ΔGSP) is deter-
mined from the retention volumes of the polar probe molecules on
the sample, from which the molar deformation polarisation PD follows:
es. During immersion the advancing contact angle ismeasured, and duringwithdrawal the
placed on a platewith fixedparticles. Thedrop forms two angleswhen the plate is tilted, i.e.
e upper side of the drop.



Fig. 8. Schematic representation of RTln(Vn) against the molar deformation polarisation of
the probe molecules. The retention volumes of the polar probe molecules are located
above the alkane like, from which the total free energy of the compound using the
vertical distance between the alkane line and the polar probe. Retrieved from [110].

Fig. 9. Normalized total intensity as function of ultra sound energy (Einput) in kJ / g ChNC
determined via small angle light scattering. Modified from [55].

Fig. 10. Schematic representation of the force separation curve obtained inAFMpeak force
tapping mode. A) the AFM tip approaches the sample and there is no to little force on the
tip B) The tip starts to touch the surface as a consequence of attractive tip-surface forces
C) A maximum deformation because of maximum tip-surface interactions D) The tip-
surface interactions start to become weaker and the tip comes of the surface E) The AFM
tip returns to its original position. Retrieved from [69].
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PD ¼ Mw⁎ r2−1
� �

D⁎ r2 þ 2ð Þ ð21Þ

where,Mw is themolecularmass of the probe, r is the refractive index of
the probe, and D is the probe liquid density.

Also the RTln(Vn) against PD plot should produce a linear relation-
ship, where the points of the polar probes are located above the alkane
line (Fig. 8). The vertical distance between the alkane line, and the polar
probe gives the total free energy of the sample of choice. The polar con-
tribution of the surface free energy can then be calculated using Eq. (2).

5.2. Aggregate strength – Static light scattering

Recently, we have developed a method to quantify the bond energy
of nanoparticle aggregates [55]. Dispersions containing aggregates of
chitin nanocrystals were subjected to ultrasound treatment, from
which the energy input was determined calorimetrically, and static
light scattering was used to describe the total scattering behaviour of
the particles. When plotted against the applied energy input (Fig. 9),
Eq. (20) was fitted through the static light scattering data points, from
which Eaggregate could be calculated. In principle, every mechanical
force can be used as long as the nanoparticle aggregates are broken
up, and the applied energy input can be quantified.

5.3. Region of the interphase – atomic force microscopy

To date, atomic force microscopy (AFM) is the only device which is
able to visualize the interphase, and also quantify its local mechanical
properties (e.g. Young's moduli). For nanocomposites commonly either
the peak force tapping mode (PF-TM) or intermodulation mode
(ImAFM) is used, and will therefore be the focus of this section. It is
good to mention that predictive models revolve around the interfacial
region.

5.3.1. Peak force tapping mode (PF-TM)
Tapping mode is a commonly applied technique for high-resolution

imaging of nanocomposites. To derive more quantitative data about the
material itself, the peak force tapping mode (PF-TM) can be used at
which the probe tip oscillates at the frequency of the cantilever. The
peak force (i.e. the maximum applied force) is precisely controlled
and used as a feedback system, and a force separation curve of each
tap (i.e. each pixel) is recorded, which gives information about the
10
material properties including deformation, adhesion, modulus, and dis-
sipation. As the height and force curves are derived simultaneously, it
enables the creation of material property maps with the same resolu-
tion as the height image. Force distance curves need to be cautiously
analysed, as theymight be distorted by improper spring constant or un-
certain shape of the probe. This can be circumvented by using a probe
with a known shape and automatic parameter calibration [115].

Fig. 10 gives a schematic representation of the force separation curve
obtained during PF-AFM measurements [116]. To translate the force
separation curve into different material properties, the Derjaguin-
Muller-Toropov model can be fitted through the initial section of the



Fig. 11. Schematic overview of free oscillation (upper) and engaged oscillation (bottom)
recorded in time (a, b) and frequency domain (c, d). Part a and b show the amplitude of
the individual oscillations. Retrieved from [121].
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retrace curve [117]. Although other models exist (e.g. Johnson-Kendall-
Roberts model [118]), the Derjaguin-Muller-Topopov model is very
suitable for nanocomposites because the deformation of the sample is
often lower than the tip radius, and adhesion forces are taken into ac-
count (in contrast to the Hertz model):

F ¼ 4
3
E⁎

ffiffiffiffiffiffiffiffi
Rd3

q
þ Fadhesion ð22Þ

where F is the force on the tip, R is tip radius, d is the deformation,
Fadhesion is the force of adhesion between the tip and the sample, and
E* is the reduced elastic modulus. When the Poisson ratio of the sample
(vs) and the tip (vtip) are known, the elastic modulus of the sample can
be calculated, assuming that the tip has an infinite elastic modulus (Etip)
[119]:

E⁎ ¼ 1−v2s
Es

þ 1−v2tip
Etip

 !−1

ð23Þ
5.3.2. Inter modulation AFM (ImAFM)
AFM techniques have been extended using multiple frequencies in-

stead of one to excite the probe, i.e. intermodulation AFM (ImAFM)
[120].

During themeasurement, the cantilever is excitedwith two frequen-
cies close to the resonance of the cantilever. At the start of themeasure-
ment, there are no tip-sample interactions and a free oscillation
spectrum is recorded (Fig. 11A and C). When the tip approaches the
sample the cantilever is perturbed by a non-linear tip-surface interac-
tion (Fig. 11B and D). Consequently, the two frequencies intermodulate
(basically they mix), forming a new frequency near the cantilever reso-
nance, i.e. intermodulation products (IMP), which are recorded. These
IMPs contain additional information about the tip-surface interactions,
which cannot be acquired by peak force AFM; for instance, the viscous
behaviour of the material derived from the energy dissipated from the
tip-sample [87]. However, the analysis is less straight forward as for
other AFM techniques, and more simulation work on the tip-surface
interactions is required to translate these values to e.g. local Youngs
moduli [121].
11
6. Summary and outlook

Addition of nanoparticles to a polymer matrix hold the promise to
obtain advanced products with greatly improved properties. In reality,
this goal is not often achieved. We find that the options that are ex-
plored do not really follow the theoretical frameworks that are avail-
able, but are rather trial and error in nature. Nanocomposite design
would greatly be helped by a description of the theories that are avail-
able and how the essential parameters can be measured, and that is
what the current review tries to achieve.

We provide thermodynamic and kinetic approaches to improve
nanoparticle dispersion. Next to that, we discussed how nanoparticle
– polymer interactions on an atomic scale affect thematerial properties
on a nano, micro, and bulk scale. Furthermore, we identified three pa-
rameters which are often overlooked when designing nanocomposites,
i.e. the polar and dispersive component of the surface energy of the
nanoparticle and polymer, the cohesive bond energy of nanoparticle ag-
gregates, and the quantification of the interphase region once added to
the matrix.We finished with a section on how to quantify the latter de-
signing parameters.

Considering these fundamental parameters is one step toward a bet-
ter understanding of why some nanoparticle – polymer combinations
are more successful than others. Most theoretical frameworks correctly
describe tendencies of certain effects (e.g. nanoparticle aggregation),
but better insight in the actual time frames in which these take place
are crucial. As pointed out, thermodynamic and kinetic effects dominate
at very different time scales, and depending on their relative importance
this will lead to very different materials. To be able to differential be-
tween relative importance, we feel that computer simulations could
play a very instrumental role, on the condition that the actual values
that are used are established correctly by applying the methods that
we presented earlier. Our conclusion would be that there is still a
world to gain when practical and simulation tools are used symbioti-
cally, and we believe that this will facilitate the design of the advanced
materials our society is in dire need of.
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