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ABSTRACT

Carbon nanotubes have been shown to be excellent nano size filler material in dozens
of different matrices. They possess many physical features that make them almost
optimal for this purpose including high electrical conductivity, mechanical strength
and thermal conductivity. There is however one property that makes nanotubes
challenging to use; they typically come in aggregates which have high internal bind-
ing energies. Therefore in order to generate evenly distributed dispersions one need
to use high shear forces and some times chemical modification of the tubes. These
process conditions can cause changes in an integrity of the tubes themselves and in-
hibit the matrix-filler and filler-filler interactions diminishing the physical properties
of the nanocomposites.

The main objectives of this thesis were to answer how the development of the
dispersion quality of aqueous nanotube colloids can be optimized and monitored
during sonication assisted dispersion, how the dispersion quality affects the proper-
ties of the nanocomposites, and how the properties can be further improved after
composite have already been prepared.

It was observed that depending on the expected feature, maximum dispersion
quality is not always needed and one can even benefit from residual pristine filler-
filler interaction of the nanotube agglomerates. Another observation was that if sur-
factants are being used especially in aqueous dispersion to stabilize the colloid, they
have inhibiting effect on properties of the solution casted composites by lowering
the filler-filler and filler-matrix interaction. By removing the surfactant afterward
some of these expected properties can be realized.
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TIIVISTELMÄ

Hiilinanoputket ovat nanokokoinen komposiittien täyteaine, jonka toimivuus on
osoitettu useilla eri matriiseilla. Hiilinanoputkien erinomainen lämmön- ja sähkön-
johtavuus sekä hyvät mekaaniset ominaisuudet tekevät siitä lähes optimaalisen mate-
riaalin moneen tarkoitukseen. Täyteaineen käytössä on kuitenkin suuria haasteita,
sillä valmistusprosessien johdosta nanoputket muodostavat suuria agglomeraatteja
missä niiden välinen sidosenergia on suuri. Tästä syystä hiilinanoputkien disper-
gointiin käytettävät energiat ovat myös suuria, jotka taas voivat vahingoittaa itse
nanoputkia jolloin menetetään niiden erityisiä ominaisuuksia.

Tämän opinnäytetyön tarkoitus on selvittää miten sonikaatioon perustuvaa dis-
persioprosessia voidaan valvoa ja optimoida siten, että itse prosessi vahingoittaisi
nanoputkia mahdollisimman vähän ja tutkia miten dispersiolaatu vaikuttaa hiili-
nanoputkista valmistettujen nanokomposiittien ominaisuuksiin. Työssä esitellään
myös keino miten joidenkin nanokomposiittien ominaisuuksia voidaan parantaa
valmistusprosessin jälkeen. Tutkimuksessa havaittiin myös, että dispersiolaadun ei
välttämättä tarvitse olla täydellinen jotta saavutettaisiin tiettyjä ominaisuuksia. Jois-
sakin tapauksissa itse agglomeraattien sisäistä sidosenergiaa voidaan jopa käyttää hyö-
dyksi. Toinen havainto oli, että vesipohjaisissa dispersioprosesseissa käytetyt surfak-
tantit heikentävät dispersioista valmistettujen komposiittien ominaisuuksia ja pois-
tamalla surfaktantit jälkikäteen voidaan komposiittien ominaisuuksia merkittävästi
parantaa.
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1 INTRODUCTION

One special class of materials is called nanocomposites in which at least one of the
components have at least one dimension under 100 nm. This enables large surface to
mass distribution which have prominent affects on many features of the composites.
One of the first literature references of nanocomposite was written by Blumstein
in 1965 on his work with montmorillonite clay and methyl metacrylate polymers
[1]. First commercial product based on nanocomposites was presented by Toyota
Motor Corporation in 1980’s which developed nanoclay-polyamide composition to
be used in Toyota Camry in 1993 as a timing belt cover material. They discovered
that nanocomposite of 95% nylon and 5% clay offered significantly higher tensile
strength and heat distortion temperature compared to any other viable solution.

Some of the requirements set for particulate filler nanomaterials are : (i) excellent
mechanical properties such as strength and Young’s modulus; (ii) high aspect ratio
and high surface area which enables high interaction with the matrix, and (iii) easy
to disperse [2]. Carbon nanotubes (CNT) discovered about 30 years ago is check-
ing two of these boxes. CNTs possess excellent mechanical properties and they have
very high aspect ratio but on the other hand they do agglomerate and are very chal-
lenging to disperse. These problems have been recognized as the major reasons why
nanotubes have not realized their full potential as a perfect nanocomposite filler ma-
terial.

Like many new materials they have experienced almost the perfect hype curve,
rising from academic work towards the peak and then almost disappearing from the
scene. However, CNTs are making a comeback and are now in a phase of volume
growth where increasing number of applications utilizing their properties are intro-
duced [3]. Nanotubes are becoming a commodity.

This thesis is focusing on developing tools to understand and optimize aqueous
dispersion process of carbon nanotubes, and on post treatment of elastomer and
cellulose based CNT composites to enable better nanocomposites from nanotubes.
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2 CARBON NANOTUBES

When studying soot from fullerene manufacturing experiment in 1991, Dr. Sumio
Iijima discovered cylindrical graphitic formations which he called ‘helical micro-
tubules’ [4]. Soon after the discovery these ‘microtubulae’ were renamed to carbon
nanotubes (CNT) and hundreads of thousands of scientific articles later they are still
getting significant attention and research funding both from public and private sec-
tors. Carbon nanotubes are extremely small and hollow needle like elemental carbon
structures which aspect ratio of length and diameter can be in 108 order of magnitude
[5]. They can be divided into two major groups: single walled nanotubes (SWNT)
and multi walled nanotubes (MWNT). SWNTs are made of single graphene layer
rolled up to form a cylinder. The diameter of the cylinder typically varies from 0.5
nm to 5 nm whereas length can be up to 20 cm [5]. MWNTs are formed of con-
centric SWNTs or from single helical graphene sheet. Depending on manufacturing
method and further treatments CNTs can be closed with fullerene cap or they can
be open ended. Carbon nanotubes are synthesized from carbon containing chemical
compounds or from pure graphite using several different techniques [4, 6–9].

19



Figure 2.1 Schematic image of the graphene sheet (A) and rolled SWNTs (B). Chiral vector Ch =
na1+ma2 connects two lattice points O and A which meet after rolling. T = t1a1+ t2a2
is the primitive translation vector of the tube. Ba, Bb and Bc represents special chiralities
named armchair, zigzag and chiral respectively [10].

Major reason why CNTs are widely studied can be explained with their physi-
cal properties which vary depending on which angle the hexagonal graphene sheet
is rolled. For example SWNT can be a semiconductor or metallic depending on its
chirality which opens new possibilities in designing carbon based eletronic devices
[11]. For metallic nanotubes theoretical calculations and measurements show that
individual nanotube can carry electric current density over 109 A/cm2, which is
more than metals like copper is capable of [12]. Nanotubes are also excellent ther-
mal conductors, comparable to diamond [13]. For individual carbon nanotube an
axial elastic modulus of 1 TPa and a tensile strength of 100 GPa have been measured
exceeding the strength of all other natural or synthetic fibres [14] [15]. Despite of
being stiff, recoverable radius of curvature of 20 nm have been discovered in ma-
nipulations with an atomic force microscope [16]. The same study also revealed
that nanotubes can survive multiple repetitions of local strain up to 16%. CNTs
have been already demonstrated in several electronic applications including transis-
tors [17], memory elements [18], field-emission electron sources [19], solar cells and
batteries [20]. Since SWNTs show large changes in optical and electrical properties

20



when molecules are adsorbed to nanotube surfaces they have been also used in bio-
logical and chemical sensors [21] [22]. Owning to their mechanical properties and
high electrical and thermal conductivities, nanotubes have been used as a filler ma-
terial in many nanocomposite structures.
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3 CARBON NANOTUBE POLYMER

COMPOSITES

Carbon nanotubes have been mixed with many polymers including epoxy [23, 24],
polyethylene (PE) [25], polyvinylacetate (PVAc) [26], polyvinylchloride (PVC) [27],
polyamide (PA) [28], several types of elastomers [29–41] and many others. A moti-
vation to mix nanotubes with polymers is to enhance their mechanical and thermal
properties and introduce new features like electrical conductivity and electromag-
netic shielding, which are typically limited in pristine polymers.

3.1 Mechanical properties

There are several theoretical models describing the mechanical, mainly stress-strain
behavior of filler-based nanocomposites in the literature. The basic idea in all of them
is to express mechanical properties of the composite, typically elastic modulus, using
properties of the matrix and filler as parameters. Depending on model these parame-
ters include moduli and aspect ratio of the filler together with modulus of the matrix.
Many of the models are semi-empirical and describe the behavior of the composite
in some very narrow regimen regarding filler concentration or elongation.

Originating from Einstein’s work with increasing of viscosity caused by a sus-
pension of spherical particles in a viscous fluids, Guth-Smallwood model [42] can
be used to estimate the reinforcement factor of the filler Ec/Em of the composite,
where Ec is elastic modulus of the composite and Em is elastic modulus of the pris-
tine matrix:

Ec

Em
= 1+ 0.67ARϕ+ 1.62AR2ϕ2 (3.1)

where AR and ϕ are aspect ratio and the volume fraction of the filler.
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The equation ( 3.1) does not take in to account the elastic modulus E f of the filler,
which is assumed to be much higher than of matrix. Therefore Guth-Smallwood
model can be used with lower modulus elastomer matrices, but not necessarily with
matrices of higher elastic modulus like some polymers, metals and ceramics.

One of the models that encounter E f as a parameter is called Halpin-Tsai model
[43]. For longitudal direction (L) the reinforcement factor for fiber reinforced com-
posite, with fiber length l and fibre diameter r :

EL

Em
=
(1+ARηLϕ)
(1− ηLϕ)

(3.2)

ηL =

E f
Em
− 1

E f
Em
+AR

(3.3)

for the transverse direction (T )

ET

Em
=
(1+ 2ηTϕ)
(1− ηTϕ)

(3.4)

ηT =

E f
Em
− 1

E f
Em
+ 2

(3.5)

These equations are empirical relationships that have been confirmed by experimen-
tal measurements.

In order to calculate elastic modulus Ec for randomly oriented fillers :

Ec = ai EL+(1− ai )ET (3.6)

where for 2D-reinforcement (like in thin films) :

ai = a2D = 0.339− 0.035ϕ− 0.642
Em

E f
(3.7)

and for 3D-reinforcement :

ai = a3D = 0.13− 0.0815ϕ− 1.669
Em

E f
(3.8)
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ai has been traditionally treated as constant, but recent studies have shown that it
depends on composite morphology and volume fraction of the filler [43].

3.2 Electrical properties

Electrical properties of CNT/polymer composites are typically estimated by perco-
lation theory :

σ = σ0(p − pc )
t (3.9)

where σ is electrical conductivity, p is a density of the conductive sites, σ0 is a scaling
factor, pc is a critical density of conductive sites i.e. percolation threshold and t is
an exponent depending on dimensionality of the percolation network. Since the
density of conductive sites is related to volume fraction of the CNTs, (3.9) can be
written as:

σ = σ0(ϕ−ϕc )
t (3.10)

where ϕ is a volume fraction of the nanotubes and ϕc is a critical volume fraction
leading in to sharp increase in conductivity level of the composite. Hundreads of
studies have been made to find values for ϕc and for t for CNT filled polymers but
consensus is still missing as can be seen from from figure 3.1.

The percolation threshold ϕc as a function of AR can be estimated with:

ϕc =
1

2AR
(3.11)
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Figure 3.1 Plot of the power law exponent t as a function of (a) the maximum conductivity and (b) the per-
colation threshold from over 100 reported values for several different matrices. The horizontal
lines denote t = 1.3 and 4 [44].

There are several factors identified that affect the percolation threshold including
purity of the CNT material, chirality of the tubes, aspect ratio, dispersion process
and properties of the matrix [45, 46]. From these dispersion process and properties
of the matrix are dominating the development of the electrical conductivity of the
composite [44]. Typical percolation thresholds for well dispersed carbon nanotubes
are below 1 phr [47], so any value above that could indicate poor dispersion of the
nanotubes.

The critical percolation ϕc is theoretically inversely proportional to the aspect
ratio of the tubes. In reality exception may come from situation where the tubes are
long or their morphology differs from stiff and linear form. In this case not only the
aspect ratio but also the length of the tubes can affect the results.

The conductivity of randomly oriented CNT networks is dominated by contact
resistance between individual carbon nanotubes. Even though internal resistance of
nanotubes is very low, the contact resistance is high. This resistance can be even
higher if the non-conducting component, the matrix or the surfactants used in dis-
persion process can penetrate in between the tubes [48]. Due to this barrier the na-
ture of the current in nanotube network is governed by quantum mechanic tunneling
resistance which is dependent on distance between tubes and also temperature.

In order to avoid problems of the matrix disturbing the conductivity hierarchial
structures can be used. For example selecting cellulose as a carrier for nanotubes
enables pristine CNT networks with high local concentrations of conductive paths
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leading in to high electrical conductivity of the structure. Unlike polymer matri-
ces cellulose acts as a scaffold supporting and stabilizing CNT network without in-
terfering the nanotube junctions. Structure is still homogeneous enough for most
applications and it behaves like a uniform material in macroscopic scale. CNT/cel-
lulose composites are typically manufactured by using water based solution casting
method. In order to disperse nanotubes in to water surfactants are needed which can
diminish conductivity if not removed afterward.

3.3 Carbon nanotube - elastomer composites

Due to their incompressibility and reversibility under stress, elastomers are widely
used in many applications including tires, seals and conveyor belts. In order to
enhance their properties even more they are often filled with particulate material
like carbon black, silica and carbon nanotubes. Of these the nanotubes have many
benefits over two others including better physical properties and lower percolation
threshold, which could give applications more durability, weight savings and strenght
together with better electrical and thermal properties. Several studies of CNT rein-
forced elastomer nanocomposites have been made including natural rubber (NR)
[29–34], styrene-butadiene rubber (SBR) [35–38], nitrile butadiene rubber (NBR)
[39–41] and many others.

It has bee noted that one of the limiting factors in realizing the potential of CNT
filled elastomers is the dispersion quality. Poorly dispersed nanotubes show three
times higher electrical percolation thresholds than composites with better distri-
bution of nanotubes [49]. It also affects the mechanical values and especially fail-
ure strain which is typically always smaller with CNT filled elastomers compared
to reference values [29]. Another limiting factor is related to the dispersion pro-
cess itself. Some dispersion processes uses dispersion agents in order to ease the
de-agglomeration of the CNTs. If these agents are adsorbed on the surface of the
nanotube after the composite has been manufactured it will diminish the mechani-
cal properties by reducing the matrix-filler interaction [29].
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3.4 Carbon nanotube - cellulose composites

Cellulose in various forms is abundantly available bio-compatible material which
is used as a carrier or scaffold in many functional materials [50]. Electrical con-
ductivity is one examples of the functionality where cellulose can act as a support
to which some conductive component is added. Typical conductive components
used with cellulose include metal nanoparticles [51, 52], conducting polymers [53–
55], graphite [56] and different types of nanocarbons like graphene [57] and car-
bon nanotubes [58–66]. Regarding electrical conductivity, one of the advantages of
carbon nanotubes is their low percolation threshold required to form conductive
network. CNT-cellulose composites have been reported to be used as supercapac-
itor electrodes [59], electromagnetic interference shielding [60, 61], active displays
[67], electric heating [66], chemical sensors [62–64] and pressure sensors [65]. In
all above applications the level of electrical conductivity is important. The highest
reported conductivity for CNT/cellulose composites is 200 S cm−1 for anisotropic
SWNT nanocellulose films [58]. For isotropic and using more available MWNTs
the reported conductivity values are typically between 0.1 - 2.0 S cm−1 [51, 68–70].
Electrical conductivity of randomly oriented CNT networks is dependent on con-
tact resistance between tubes. In case of polymer nanocomposites and perfect disper-
sion qualities the matrix is typically disturbing these contacts by coating the tubes
and diminishing the electron transport at nanotube-nanotube junctions. In case of
CNT/cellulose composites the cellulose acts as a scaffold and same type of reduction
in conductivity does not appear. However in a case of using surfactant assisted CNT
dispersion the surfactant may cause additional resistance in CNT-CNT junctions.

One very simple manufacturing method of CNT/cellulose composites involves
dipping the cellulose films or structures in to CNT dispersion to allow nanotubes to
impregnate the cellulose scaffold [62, 66, 69, 71–73]. Cultivating cellulose produc-
ing microbes in CNT dispersion has also been used [70]. Majority of the reported
methods however involves some type of solution casting method after mixing the
CNTs and cellulose material together [60–62]. This method is used in paper making
process which is more scalable compared to other methods and regarding electrical
conductivity is resulting the same characteristics as impregnation method [61].

Regardless of the method CNT colloids are typically prepared separately from
cellulose pulp. In our study we found that introducing nanocellulose to the CNT
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dispersion process enables homogenous distribution of nanotubes, enhances the ad-
hesion to the macroscopic cellulose fibres which also enhances the electrical conduc-
tivity by stabilizing the conductive pathways [Publication IV].

As the size of the cellulose fibres varies, the dispersion quality of the CNT colloids
needs to be in a sufficient level in order to proper impregnation to happen. Smaller
cellulose fibres equals smaller pores for CNTs to penetrate. In case of nanocellulose
this penetration might not even happen regardess of CNT dispersion quality, since
both fibres are in a same scale. It has bee observed that after proper penetration
and evaporation of used solvent the interaction between cellulose and nanotubes is
very strong. This interaction is dependent on the quality and quantity of the inter-
face. In many cases nanotubes contain different native or process induced functional
groups on the sidewalls. These typically oxygen containing species has high affinity
to cellulose fibres [69].

Aquoues CNT dispersion process involves usage of some type of surfactants and
high intensity mixing like sonication. Sonication is known to damage the tubes in-
hibiting their electrical conductivity performance [74]. Surfactants can affect the
electrical conductivity of randomly oriented CNT networks by interfering the tube-
tube contacts. As a development of dispersion quality is related to available surfac-
tant molecules i.e. the concentration ratio between surfactants and CNTs, it is favor-
able to have high concentration of surfactants to enable lower sonication energy. On
the other hand if the surfactant cannot be removed after nanocomposite has been cast
it is also crucial to minimize the usage of it. If it is possible to remove the surfactant
it can have significant effect on the performance of the nanocomposite [Publication
III][Publication IV].
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4 CARBON NANOTUBE COLLOIDS

As-produced non-functionalized carbon nanotube aggregates are challenging to dis-
integrate. Typical MWNT agglomerates are constructed of randomly oriented nan-
otube networks in which tubes are crosslinking each other by van der Waals forces.
In a typical network having junctions approximately 100 nm apart, the binding en-
ergy density for the agglomerate is calculated to be 16 kJ/m3 or 16 kPa [75]. For
SWNTs, which bundle up to form parallel structures and therefore have much more
contact area with each other the energy density is estimated to be 100 MPa, signif-
icantly more than for MWNTs which makes dispersion of SWNTs more difficult
over MWNTs.

In order to disperse CNTs in to a solution or polymer melt, the binding energy
densities needs to be overcome by local shear stresses. In optimal case these local
shear stresses should be above binding energy of the CNT agglomerates or bundles
but still below the fracture resistance of an individual tubes. Too high energy den-
sities causes unwanted chemical modifications, cutting and defect formation to the
outer layers of the tubes [74, 76]. There are several techniques demostrated for dis-
persing nanotubes including: shear mixing [77], extrusion [78], calandering [79, 80],
and sonication [81–83]. Most of the dispersion techniques are dependent on a vis-
cosity of the medium so in order to disperse nanotubes in low viscosity liquids like
water, high shear mixing methods simply do not work [75].

In order to optimize the use of CNTs in different matrices their surface chem-
istry must often be modified. Chemical modification can be covalent attachment of
different functional molecules on sidewalls or tube ends [84], or non-covalent for
example using surfactants [85]. Modifications changes the mechanical and electrical
properties of the outer layer of the tubes which often diminishes their properties.
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4.1 Sonication

Sonication is a process in which sound energy is applied to a particular system in
order to agitate its molecules. Typical laboratory sonication systems use ultrasound
which by definition is a periodic pressure wave with frequency of 20 kHz or more.
Equipment can be divided in to two categories: tip sonicators or bath sonicators.
The tip sonicator is equipped with a probe which is set to vibrate in ultrasound fre-
quency. The probe is typically made of some inert metal like titanium. This set up
enables high concentrations of sound pressure in vicinity of the probe which can
lead in to rapid heating of the substance close to the tip. In bath sonicator the vibrat-
ing elements are outside of the sample vessel leading in to more isotropic acoustic
pressure field. In typical bath sonicators the conducting element is water to which
sample vessels are placed.

If the local forces inside liquid induced by the ultrasound exceeds the strength of
the liquid itself it causes cavitation, a formation of cavities. Cavitation is analogous
to boiling but whereas in boiling cavities are formed by increasing the local tempera-
ture above the boiling point, in cavitation cavities are formed by decreasing the local
pressure below the saturated vapor pressure of the liquid. It is typical in the litera-
ture to use the words cavity and bubble interchangeably although bubble by some
definition should always have two surfaces.

Cavitation can have inertial or non-inertial nature. Non-inertial cavitation is a
formation of stable bubbles which pulsate in diameter according to external pressure
field while the average size remains constant. Inertial cavitation however initiates as
a small nucleation which grow in several cycles to a bigger bubble. When growing
bubble reaches a critical size it experiences a violent collapse, an implosion, which
causes high temperature and pressure gradients. These conditions are capable of cre-
ating high shearing and strain rates which are the main reasons sonication is used in
dispersing particles into low viscosity liquids.

Strain rates induced by inertial cavitation can be estimated by calculating radial
wall velocity of a collapsing cavity from Rayleigh-Plesset (RP) equation [86],

RR̈+
3
2
(Ṙ)2+

4µL

R
Ṙ+

2S
ρLR

=
pB − p∞
ρL

(4.1)

Where R is time dependent radius of the bubble, µL is dynamic viscosity of the
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liquid, S is surface tension, ρL is a density of the liquid, pB is uniform pressure inside
the cavity and p∞ is a pressure of the liquid far away from the bubble which in
sonication typically a sinusoidal pressure field induced by the sonotrode.

The relationship between strain rate and bubble radius can be seen from 4.1.

Figure 4.1 The bubble radius and strain rate at the bubble surface as a function of time during the tran-
sient collapse of a bubble for a sonication experiment with SWNTs (power 40 W, frequency
of 20 kHz, sonicator horn diameter 15 mm.) Dashed blue lines represent the solution as
obtained from the empty cavity approximation while the solid red line represents the solution
obtained from the Rayleigh-Plesset equation. The solution of the empty cavity approxima-
tion, with length and time scales matched to the solution of the Rayleigh-Plesset equation, is
represented by the dotted blue line. [87].

Collapsing cavity is capable of producing very high pressures and temperatures
which can induce chemical changes in the solution. This pehomena is called sonoly-
sis and it was discovered already in 1927 by Richards and Loomis [88]. New chemi-
cal species generated can react with other components present in the solution which
again can cause unexpected results in processes in which the idea is to use sonica-
tion purely for mixing. Sonolysis can be categorized in to two classes; homogeneous
reactions where only one liquid component is been degraded, and heterogeneous
reactions where two or more liquid-liquid or liquid-solid systems react with each
other. In heterogeneous reactions solid particles also play an important role as pre-
ferred nucleation sites for formation of cavities [86]. When water is being sonicated
with high enough intensity, it will dissociate into hydroxyl radicals and protons by
thermolysis (4.2). It is also possible to receive decomposition of water molecule into
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oxygen atom and hydrogen molecule (4.3) [89],

H2O→H •+ •OH (4.2)

H2O→H2+O (4.3)

In high temperatures, usually present in collapsing cavities, a proton and oxy-
gen atom can further react with water molecule to produce hydrogen and hydrogen
peroxide,

H •+H2O→H2+
•OH (4.4)

O +H2O→ •OH + •OH →H2O2 (4.5)

By introducing new species, like hydrogen peroxide, aqueous cavitation alters the
chemical reactivity of water which may have a significant role in degradation and
chemical modification of components of the dispersion process. Sonolysis induced
free radical generation can happen when inertial cavitation is involved [90] and it
is linearly dependent on processing time [89]. An upside of all this is that since
chemical conversion of water is directly related to inertial cavitation it can be used
as a tool to compare different sonication systems. Koda et. al. suggested KI oxidation
dosimetry to be used as a calibration tool for generation of inertial cavitation in a
system [91].

Nucleation of cavities can be either homogenous nucleation, where cavities are
formed inside pure liquids, or heterogeneous nucleation where cavities are formed
by external events or by impurities i.e. boundaries. In the real world homogeneous
nucleation is practically impossible since ultra pure conditions are very difficult to
create and even cosmic radiation induces nucleation so therefore outside theoretical
calculations, nucleation is always considered to be heterogeneous. In their studies
Keck et al [92] discovered that a presence of quartz particles in water affected the
yield of hydrogen peroxide. The formation of hydrogen peroxide was dependent on
sonication frequency and concentration of quartz particles. Therefore calibration
of sonochemical system by measuring the sonochemical yield without presence of
particles, may not give exact information about dispersion conditions of CNTs, but
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it still works as a benchmark in comparing different sonication systems.

4.2 Surfactants

By introducing acoustic energy in a form of sonication to aqueous CNT colloids it
is possible to disintegrate nanotube agglomerates. After sonication is stopped the
nanotubes will rapidly re-aggregate and sediment. To stabilize the system and to
prevent re-agglomeration, different types of surfactants such as ionic (anionic and
cationic), non-ionic and polymer based are been used [83, 93–114]. Surfactants are
adsorbed on the CNTs surface via hydrophobic interactions,π−π bonds, hydrogen
bonds or electrostatic interactions [115, 116]. This arrangement creates an buffer be-
tween the tubes inhibiting the aggregation tendency. In case of aqueous dispersions
the outer layer of this buffer is composed of hydrophilic functional groups enabling
stable dispersions. In water the molecular arrangement happens through entropic
forces in which hydrophobic ends are adsorbed on some other hydrophobic sur-
faces. Hydrophobic end does not repulse water but is lacking of interaction leading
in to formation which is energetically more favorable for the system by minimizing
the surface area of water. If the concentration of free surfactant in a solution ex-
ceeds a specific threshold called critical micelle concentration (CMC), they start to
form micelles. Micelles are clusters of molecules where hydrophobic ends coalesce
together forming different confined shapes in wich hydrophilic ends are facing the
water.
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Figure 4.2 Schematic illustration of surfactant assembly on CNT, a) cylindrical micelles, b) hemimicelle,
and c) random adsorption [117].

The ability of surfactant to disperse carbon nanotubes is related to length of hy-
drocarbon chain of the surfactant, presence of benzene rings and the terminal groups
[99], concentration [108] and charge [118]. An optimum surfactant-CNT weight ra-
tio has been reported to vary, ranging from 1:1 to 1:10 [99, 119]. It has been reported
that an efficient CNT dispersion is possible only when the surfactant concentration
is above CMC [113, 120–122], below and equal to their CMC [93, 95, 96, 123] and
with 0.5 of CMC[123]. All these above conclusions are related to differences in
affinity between micelle formation and hydrophobic-CNT contact. If the micelle
formation is energetically more favorable than wrapping the graphitic surfaces, the
surfactant is not necessarily capable to disperse nanotubes. Even with a absence of
consensus about the required concentration using too much surfactant may affect
the properties of CNT network in the end product, using too low surfactant con-
centration can cause re-aggregation in colloid since a suffcient amount is needed to
cover all CNT surfaces with enough surfactant molecules [119]. Below a surfactant
specific concentration ratio of surfactant/nanotubes the dispersion does not happen
at all. By increasing the ration there is a threshold after which optimal dispersion
quality can be achieved [Publication I].
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4.3 Dispersion quality

In order to fully utilize the large surface area of nanomaterials, the dispersion qual-
ity needs to be controlled. Dispersion quality is describing the fraction of fully dis-
persed individual particles versus particles staying in the agglomerates. Dispersion
quality on 1 means that all particles are being dispersed and interfacial surface area
is maximized. Number of methods have been used to study dispersion quality of
CNT colloids and nanocomposites. So called ex situ methods include microscopy
studies like (AFM) [99] and transmission electron microscopy (TEM) [119] which
study dried 2D samples of the 3D colloids. In situ characterization, which could be
performed on colloidal samples include UV–Vis spectroscopy [83, 110, 112, 124],
different light scattering methods [125, 126] and rheology changes [127]. Of these
methods, UV–Vis spectroscopy has been shown to represent the most accessible and
versatile method to determine the dispersion quality of CNT dispersions especially
for liquid systems. In the method, the light passing through a sample of colloid ex-
periences scattering and absorbance. Both of these phenomena scale linearly with
the concentration of colloidal particles and, therefore, the opacity of the dispersion
can be used to measure the number of nanotubes (individual tubes or dispersed small
aggregates) in the supernatant [110].

In UV-vis spectroscopy there are two distinguished methods: segmental and sin-
gle point analysis. The absorbance peaks of CNTs are related to different diameters
and chiralities of the nanotubes, and a possible red shift of the peak which indi-
cate a presence of agglomerates [128]. Segmental analysis is focusing on these reso-
nance frequencies indicating the concentration of specific and individual dispersed
nanotubes. The selectivity of surfactants and dispersion process parameters can be
estimated by comparing peak features of different colloids (Figure 4.3) [129]. By
calculating the area, height and width of the peak, the concentration and specificity
(for example chirality) of the dispersed nanotubes can be resolved.
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Figure 4.3 Estimation of (a) resonance ratio (area of resonant band)/(area of nonresonant background);
(b) normalized width ) (width of resonant band)/(height of resonant band) [129].

The single point analysis is focusing on studying the opacity and it’s development
at certain wavelength. Typically the wavelength is selected to be some characteristic
absorption peak [83, 118]. However if one is interested only in level of homogeneity
of the colloid, it is not necessary to use only the peak frequencies. Opacity is also
related to scattering which brings the measured background up as dispersion quality
is improved. By using only peak values it is possible that as the peak maximum is
shifting it could give inaccurate information about the development of the process.
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5 AIMS OF THIS STUDY

The hypotheses behind this work were:

• Disperision quality of CNTs affects the physical performance of the nanocom-
posites

• A presence of surfactants in CNT nanocomposites affects the physical perfor-
mance of the nanocomposites

• Characteristics of the carbon nanotubes affects the physical performance of
the nanocomposites

The objective of the work was to study how different steps, including filler mate-
rial selection, surfactants and dispersion quality, in aqueous solution casting method
affects the physical properties of carbon nanotube reinforced nanocomposites. The
research questions are:

1. What is the theoretical framework in estimating the development of dispersion
quality in aqueous CNT dispersions using sonication?

2. How does the dispersion quality of aqueous CNT dispersions affect the physi-
cal performance of nanocomposites manufactured with solution casting method?

3. How does the surfactants used in the dispersion process affect the physical
performance of the composites?

4. How does the characteristics of the nanotubes affect the performance of the
nanocomposites?

First a theoretical framework to study the development rate of dispersion quality
in aqueous CNT-dispersion during sonication was created. Developed framework
was later used to study relation between relative disperison quality and physical per-
formance of CNT/NBR and CNT/NFC nanocomposites. The role of surfactant
used in the dispersion process was studied by comparing physical performance of
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CNT nanocomposites before and after the removal of surfactants from the matrix.
The affect of characteristics of carbon nanotubes was investigated by manufacturing
elastomer nanocomposites using different types of nanotubes.

Figure 5.1 The summary of the study
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6 EXPERIMENTAL

The materials and methods used in the study are presented in the following subchap-
ters. First the types of used CNTs are introduced together with different surfactants,
matrices and other chemicals. Second the sonication processess are described fol-
lowing the introduction to methods used for testing and characterization of CNT
dispersions and nanocomposites.

6.1 Materials

The effect of sonication on opacity of the aqueous CNT colloids used to measure the
dispersion quality [Publication I], the effect of dispersion quality and post-treatment
on physical properties of NBR films [Publication II], part of the polyurethane film
studies [Publication V], and all cellulose experiments [Publication III - IV] were
performed with NC7000 MWNTs from Nanocyl SA., Sambreville, Belgium. In
polyurethane film studies [Publication V]NC 7000 was compared as a filler against
two other nanotube types manufactured by university of Oxford, named here as
AR110 and AR225.
Table 6.1 Carbon nanotubes used in the study.

Property NC 7000 AR110 AR225

Average diameter 10 nm 40 - 60 nm 30 - 50 nm

Average length 1.5 µm 500 - 1000 µm 300 - 800 µm

Transitional metal oxide ∼ 10% ∼ 3% 5 - 6%

Elastic modulus∗ 200 GPa 200 GPa 200 GPa

All values are based on studies performed in [Publication V].
∗ values were used to calculate reinforcing effect of carbon nanotubes in PU [Publi-
cation V] and NBR [Publication II] nanocomposites. Value is an estimate based on
number of defects, structural disorders and inclusions of catalytic particles of used
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nanotubes.
Surfactants used to disperse carbon nanotubes were selected by their popularity

and varying ionic and non-ionic features.

Table 6.2 Surfactants used in the study.

Property Triton X100 Pluronic F-127 CTAB SDS

Molecule

Type non-ionic non-ionic cationic anionic

CMC 0.2 - 0.9 mM 950 - 1000 ppm 0.92 mM 8.2 mM

HLB 13.5 22 10 40

Publication I-V I,III I,III I

Properties of NBR latex used in [Publication II] is listed below:

Table 6.3 Properties of Litex R⃝N 2890

Property Value Unit Method

Solids content 41.0 % ISO 124

pH 7.3 - ISO 976

Viscosity <100 mPas ISO 1652

Surface tension 31.9 mNm−1 DIN 1409

Elastic modulus (cured) 0.77 MPa NA

Properties of polyurethane latex Bayhydrol R⃝UH240 used in [Publication V] is
listed below:

Table 6.4 Properties of Bayhydrol R⃝UH240.

Property Value Unit

Solids content 40 %

pH 6-8 -

Elastic modulus (cured) 2.9 MPa
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6.2 Mixing

In mixing nanotubes in water sonication with cylindrical probe sonicators were used.
For Publications I-IV the sonicator was QSonica Q700 sonicator (Qsonica L.L.C,
Newtown, USA) with a 12.7mm diameter titanium tip and 20 kHz frequency, and
for Publication V Soniprep 150 plus with 9.5 mm diameter titanium tip at a fre-
quency of 23 kHz.

In [Publication III], the nanocellulose (NFC) production was based on mechani-
cal disintegration of bleached hardwood kraft pulp (BHKP). First, dried commercial
BHKP produced from birch was soaked in water at approximately 1.7 wt. % concen-
tration and dispersed using a high-shear Ystral dissolver for 10 min at 700 rpm. The
chemical pulp suspension was predefined in a Masuko grinder (Supermasscolloider
MKZA10-15J, Masuko Sangyo Co., Tokyo, Japan) at 1500 rpm and fluidized with
six passes through a Microfluidizer (Microfluidics M-7115-30, Microfluidics Corp.,
Newton, MA, USA) using 1800 MPa pressure.

6.3 Nanocomposite manufacturing

In [Publication II and V] nanocomposites were prepared by solution casting method
in glass or plastic dishes. CNT colloids with concentration between 0.5 wt% to 2
wt% were mixed with polymer solution and let dry until water was completely evap-
orated. After this the dishes were annealed or crosslinked in oven at approximately
100◦C from 1h to 6h.

In [Publication III] rotational solution casting method was used to manufacture
CNT/NFC nanocomposites. Aqueous solution with 0.25 wt% of NFC, 0.25 - 0.30
wt% of surfactant and 0.05 wt% of NC7000 were sonicated and cast in a rotating
cylinder until the water was completely evaporated.

In [Publication IV] foam forming process was used to prepare conducting 3D
cellulose structuress. 1800 ml of NFC-CNT dispersion was poured in to 32 cm di-
ameter cylindrical tank (Figure 6.1) with water and pulp so that the total volume of
the mixture was 5.5 litres. Mechanical mixing was carried out with rotation speed
of 3500 rpm for 3.5 min. Foaming produced 70% air content to the foam leading to
total volume of 19 l.
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Figure 6.1 (a) Laboratory scale foam forming equipment; (b) NFC-CNT dispersion, pulp, and water mix-
ture before foaming [Publication III].

The prepared foam was then poured into mold with prepared 3D structure. After
vacuum assisted foam removal the structure was dried at 70◦C for 12 h until dry.

6.4 Characterization

6.4.1 Spectroscopy

For determination of opacity of the diluted CNT dispersions [Publication I-II], were
performed with Shimadzu UV-1800 spectrophotometer (Shimadzu Corp., Kyoto,
Japan). To determine the opacity of CNT dispersion in [Publication V] Shimadzu
UV-1601 UV-VIS spectrophotometer (Shimadzu Corp., Kyoto, Japan) was used.

6.4.2 Electrical measurements

Electrical surface resistance of the NBR/CNT composites [Publication II]was mea-
sured before and after the post-treatment with an electrometer and a resistivity cham-
ber (Keithley 6517 electrometer and 8009 Resistivity Chamber, Tektronix, Inc., Beaver-
ton, OR, USA), and by following an ASTM D257 standard. CNT/NBR nanocom-
posite films were placed between electrodes and in plane current was detected at 3.0
V. The current was let to relax for 60 s after which the reading was made.
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The electrical conductivity of the foam formed non-wovens [Publication IV]
were measured using the four-probe measuring technique. With this method, it is
possible to neglect the effect of contact resistances and thus provide more accurate
conductivity measurements than using two-terminal measurement. The sheet re-
sistances of prepared and cut foam formed non-wovens (size 30 mm x30 mm) were
measured using a four-point probe setup made in-house and a multimeter (Keithley
2002, Tektronix, Inc., Beaverton, OR, USA) in four-wire mode. The probes were
placed in line, with equal 3 mm spacing.

The conductivity measurements were carried out using a 1 mA current and volt-
age was measured. Measurements were taken before and after the remaining surfac-
tant was removed from samples by washing them in appropriate amount of acetone
in room temperature (RT).

Surface resistivity of PU/CNT composites [Publication V] was measured by
Metriso 2000 resistance meter (Wolfgang WarmbiereK, Hilzingen, Germany); 100
V was applied through a surface resistance probe on a circular sample with diameter
of approximately 10 cm. All measurements were performed at room temperature.
The reported resistivity is an average of 5 measurements for each sample.

6.4.3 Mechanical measurements

Stress-strain measurements of NBR/CNT [Publication II] and PU/CNT [Publi-
cation V] composites were performed with tensile tester (Messphysik midi 10–20,
Messphysik Materials Testing GmbH, Furstenfeld, Austria) and dumb-bell test pieces.
Selected crosshead speed was 100 mm per minute. The elastic modulus was measured
in the linear region between 5 and 15%
Dynamic mechanical analysis for NBR/CNT composites [Publication II] was car-
ried out using rectangular specimen using a dynamic mechanical thermal analyzer
(Eplexor 150N, Gabo Qualimeter Testanlagen GmbH, Ahleden, Germany) in the
tension mode. The isochronal frequency employed was 10 Hz and the heating rate
was 2 C/min with a dynamic load of 0.2% strain and static load at 0.5% strain. The
amplitude sweep measurements were performed with another dynamic mechanical
thermal analyzer (Eplexor-2000N, Gabo Qualimeter Testanlagen GmbH, Ahleden,
Germany) in tension mode at room temperature, at a constant frequency of 10 Hz,
60% pre-strain and dynamic strain from 0.01–30%.
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The mechanical testing (Testometric M500-25kN, Testometric Co Ltd, Rochdale,
UK) of foam formed samples [Publication IV] was done according to the standard
EN 29073-3:1992. Test methods for non-wovens, Part 3: Determination of tensile
strength and elongation. From the foam formed non-wovens, ten sample pieces in
total were cut (50 mm x 250 mm). Five of them were tested as such, while another
set of five samples was washed in an appropriate amount of acetone in room tem-
perature, so that the remaining surfactant Triton X-100 was removed. All of the
non-woven samples were conditioned according to the standard ISO 139 before the
tensile testing. The testing was performed by applying a constant rate of extension
of 100 mm/min

6.4.4 Microscopy

In [Publication I] the CNT agglomerate size was evaluated by drying a droplet of
the dispersions on a metal plate and characterizing them by scanning electron mi-
croscopy (FIB-SEM, Zeiss Crossbeam 540) operating at 3.00 kV.

The surface and cross-section of the films processed using surfactant Triton X-
100 [Publication III] and aspect ratio of sonicated carbon nanotubes [Publication
V] were studied with SEM (Zeiss ULTRAPlus scanning electron microscope). The
width of nanotubes in [Publication V] and other TEM studies were performed with
(Jeol JEM 2010 TEM) operating at 200 kV.
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7 RESULTS AND DISCUSSION

In this chapter, the main results of this thesis are presented and discussed. First the
theoretical framework of relative dispersion quality of aqueous CNT dispersions is
presented, second the effect of dispersion quality and CNT characteristics on some
physical properties of CNT nanocomposites is studied, and third the role of surfac-
tants in nanocomposites is presented.

7.1 Theoretical framework for dispersion quality

CNTs can be dispersed in water by using sonication to break the agglomerates and
surfactants for stabilization. An opacity of the supernatant (α) is directly related to
the concentration of dispersed nanotubes and can be used to study the development
of the dispersion quality [124].

Assuming that the development rate of the opacity as a function of acoustic en-
ergy (E ) is proportional to the undispersed agglomerates, described by a difference
between maximum achievable opacity and measured opacity (αmax −α), we have

dα
dE
= (αmax −α) f (7.1)

where E is the effective acoustic energy divided by CNT mass, αmax is the maxi-
mum achievable opacity of the system and f is some shape function. By separation
we arrive to

dα
(αmax −α)

= f dE (7.2)

Integration, rearrangement, and then using both sides as exponents e x leads to

α= αmax −C e−
∫︁

f dE (7.3)
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For a system where f is a positive constant and by applying boundary conditions,
α(0) = 0 and limE→infα(E) = αmax , α can be expressed as a function of E

α(E) = αmax (1− e−κE ) (7.4)

where, κ is a system-specific constant related to the concentrations and properties
of the chemical components in the colloid [Publication I]. αmax can be determined
by fitting the (7.4) to experimental data and finding it’s boundary value at infinite
energy. This value can be used to normalize the function α(E). In this thesis nor-
malized value of α(E) is called a relative dispersion quality (RDQ) and it describes
the dispersion quality of the colloid related to maximum dispersion quality of the
proposed model.

Figure 7.1 An opacity measurement of sonicated CNT dispersion @ 500 nm as a function of sonication
energy together with a fitted opacity function (dashed line) before normalization (7.4).

7.2 The effect of relative dispersion quality

There are several factors affecting the performance of CNT reinforced nanocom-
posites including volume fraction, aspect ratio and dispersion quality of the filler
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material, and a level of filler-filler and filler-matrix interactions. From theoretical
perspective it is evident that improving the dispersion quality of fillers in short fi-
bre composites, the performance of the composites is also improved due increased
interfacial area between the filler and the matrix. With CNT composites the im-
proved dispersion quality is typically achieved by overcoming the cohesive forces
holding the nanotube agglomerates together by some mechanical method, and pre-
venting their re-aggregation. Since the agglomerates are typically tightly packed, a
significant shear forces are needed which can damage the individual tubes leading
to decreased reinforcing effects. Therefore depending on set expected features opti-
mizing might mean less perfect dispersion quality. Relative dispersion quality of a
system is not only indicating the increase of number of dispersed particles but could
also work as a measure of changes in fractal dimension of the clusters and integrity
of the nanotubes.

In our studies with carbon nanotube/nitrile butadiene rubber nanocomposites
[Publication II], stress-strain showed modest changes in tensile modulus as relative
dispersion quality was enhancing. The highest value was achieved when 40 - 60%
of the tubes were well dispersed, but the data was somewhat scattered. 40 - 60% is
also the dispersion quality range where the CNT colloids showed noticable gelation
during sonication process indicating increase in filler network interaction. As the
sonication continued the viscosity returned back to lower level. Ultimate tensile
strength (UTS) showed similar local maximum at 40 - 60% RDQ. Both tensile mod-
ulus and UTS also improved significantly from lowest to highest values of RDQ.
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Figure 7.2 Elastic modulus (red) and ultimate tensile strength (black) of CNT/NBR nanocomposites as
a function of relative dispersion quality determined by linear fitting the stress-strain from 5%
to 15% strain.

Adding carbon nanotubes to rubbers typically decrease the elongation at break
values [130–132]. This decrease is proportional to filler loading. One reason for
this might be that reaching good dispersion quality with higher loadings is more
challenging. In our experiments with reasonably high CNT loadings of 10phr, the
elongation at break decreased signifacntly at lower RDQ values but the original elon-
gation values were almost reached as the RDQ was closing value 1 indicating even
distribution of fillers.
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Figure 7.3 Elongation at break of NBR reference and CNT/NBR composites as a function of RDQ.

As the RDQ was increasing, the shapes of stress-strain curves changed from brittle
to more ductile indicating enhanced CNT network interaction. All samples contain-
ing nanotubes showed necking which can be seen in decrease in stress before failure
in stress-strain curves (Figure 7.4).

51



Figure 7.4 stress-strain curves of NBR reference and CNT/NBR composites with different RDQ-values.

Room temperature storage modulus (E’) was determined with dynamical me-
chanical analysis (DMA). E’ shows local peak in RDQ values 0.4 - 0.6 (Figure 7.5).
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Figure 7.5 Storage modulus (E’) of CNT/NBR composites as a function of RDQ with a trend line.

Strain sweeps were conducted with DMA. From figure (7.6) it can be seen that as
the RDQ is enhancing the Payne effect, describing intensity of the filler-filler interac-
tion peaks in range 0.4 - 0.6 RDQ giving further support for the conclusion that this
is the optimal dispersion quality range of the system for maximal CNT network con-
tribution for the moduli of the composite. At this this RDQ the pristine filler-filler
interaction and cluster-cluster aggregation (CCA) reaches maximum values through
the material. As RDQ is further enhancing the original filler-filler interaction and
CCA is decreasing which can be seen in lower Payne amplitudes.
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Figure 7.6 DMA strain sweeps od CNT/NBR composites with different RDQ values. Maximum Payne
amplitude was received with 0.59 RDQ.

The electrical surface resistance of CNT/NBR nanocomposites was measured as
a function of relative dispersion quality (Fig.7.17) [Publication II]. It was noticed
that after initial drop the improvement of dispersion quality did not enhance the
conductivity of the films. Initial drop might indicate that with lower dispersion
qualities filler particle have more sphere like structures with low aspect ratios which
have not reached adequate percolation. The filler loading of 10% is already so high
that further improvement of RDQ is not affecting the conductivity since additional
conduction paths are not generated.
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Figure 7.7 Surface resistance measurements of NBR/CNT films as a function of RDQ before the surfac-
tant removal.

The four point conductivity measurements were performed on CNT/NFC nanocom-
posite films as a function of sonication energy using three different surfactants for
dispersion process. The process differs from dispersing carbon nanotubes alone since
also the matrix material was present in the sonication. Thefore the compatibility
of surfactant needed to be optimized both for CNTs and NFC. This was done by
measuring the development of electrical resistivity of the films. Using surfactant
which have higher affinity towards the NFC, the CNT dispersion quality remains
low indicated by lower eletrical conductivity. Depending on the composition also
the surfactant concentration is critical since some surfactants perform differently
below and above CMC which can change during the sonication process. In (Figure
7.8) it can be seen that the development of the conductivities with non-ionic sur-
factants (Pluronic F-127 and Trion X-100) are outperforming the ionic surfactant
(CTAB). However with Pluronic F-127 the concentration is also critical since with
higher concentrations and above CMC the sonication process is causing diminshing
conductivities.
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Figure 7.8 Conductivity of CNT/NFC nanocomposite films processed using surfactants Triton X-100,
Pluronic F-127 and CTAB [Publication III].

7.3 The effect of surfactants

In CNT-water colloids different surfactants have different surfactant/CNT thresh-
olds where the αmax is significantly lower than with higher ratios, indicating in-
adequate concentration of the surfactants for successful dispersion. In above this
threshold, increasing the ratio is not affecting the maximum dispersion quality, but
do affect on the development speed of the opacity indicated with κ in (7.4). This in-
formation can be used to optimize dispersion process for selected applications since
prolonged sonication is degrading the tubes and should be avoided [Publication V].
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Figure 7.9 The development of opacity as a function of acoustic energy (E) with different surfactant/CNT
ratios: 1:4, 1:2, 1:1 and 2:1 for a) Triton X-100, b) Pluronic F-127, c) CTAB and d) SDS.
[Publication I]

After fitting Equation (7.4) to the data in (Fig.7.9) the αmax and κ can be found.
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Figure 7.10 Saturation of the opacity αmax for three different surfactants (□) Triton X-100, (O) Pluronic
F-127 and (Í) CTAB as a function of surfactant/CNT ratio.

Figure 7.11 The factor κ for three different surfactants (□) Triton X-100, (O) Pluronic F-127 and (Í)
CTAB, indicating a growth speed of the opacity as a function of surfactant/CNT ratio.

Since different types of carbon nanotubes need different sonication energies and
in some cases the damage and shortening is significant it is therefore suggested that
in selecting of surfactants not only the compatibility of the chemicals but also the
energy needed for sonication should to be included in the considerations. In applica-
tions where a presence of surfactant in the matrix is diminishing the performance, it
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is preferred to select a surfactant which has low surfactant/CNT threshold. On the
other hand in applications were post removal of surfactant is possible higher ratios
can be used in order to preserve graphitic integrity of the nanotubes by speeding up
the dispersion process. The effect of post-removal of Triton X-100 from CNT/NBR
nanocomposites with acetone immersion had significant effect on tensile modulus
and UTS measured from stress-strain curves. After post treatment the local maxi-
mum mentioned in previous chapter in RDQ range 40 - 60% becomes more visible.

Qualitative studies of sonication induced damage to the nanotubes during aque-
ous sonication were performed by taking TEM images in different stages of the son-
ication process. After sonicating with energy of 266 kJ/g, which is enough to reach
saturation in dispersion quality measurements, no significant exfoliation or cutting
were noticed. Therefore changes in morphology were considered to be modest.

Figure 7.12 TEM images of NC7000 nanotubes (AR210) during aqueous sonication process with the
energy of a) 0 kJ/g, b) 133 kJ/g and c) 266 kJ/g.
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Figure 7.13 Elastic modulus before (red square with dashed line) and after post treatment (red circle
with solid line), and ultimate tensile strength before (black square with dashed line) and
after post treatment (black circle with solid line) of CNT/NBR nanocomposites as a function
of relative dispersion quality. Modulus was determined by linear fitting the stress-strain from
5% to 15% strain [Publication II].

Removal of surfactants increased the elongation at break. The treatment also af-
fected the NBR reference since used latex contains some surfactants which were also
removed. Post treatment with highest RDQ gave higer elongation at break values
than reference NBR before treatment.
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Figure 7.14 Elongation at break of NBR reference and CNT/NBR composites as a function of RDQ
before and after the post treatment [Publication II].

Stress-strain curves show increased energy absorption and stifness values. The
necking phenomena was also inhibited with higher RDQ values. This indicates bet-
ter adhesion between fillers and the matrix.

61



Figure 7.15 stress-strain curves of NBR reference and CNT/NBR composites with different RDQ-values
after post-treatment [Publication II].

Strain sweeps were conducted with DMA after removal of surfactants. From
figure (7.16) it can be seen that as the RDQ is enhancing the Payne effect, describ-
ing intensity of the filler-filler interaction peaks first in range 0.4 - 0.6 RDQ. After
removal of surfactants the CNT network interaction is enhanced significantly and
pristine network interaction is regained. As RDQ is further enhanced the percolat-
ing network of individual nanotubes is formed and since dimishing component of
spacer molecules are removed the network interaction is incrasing to same level as
pristine filler-filler and CCA together.
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Figure 7.16 DMA strain sweeps od CNT/NBR composites with different RDQ values after surfactant
removal [Publication II].

The surface resistance of CNT/NBR nanocomposites was measured after the
films were immersed to acetone to remove the surfactant from the composite. It
was noticed that conductivity improved in lower RDQ sample but was not affected
with higher values.
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Figure 7.17 Surface resistance measurements of NBR/CNT films as a function of RDQ before the sur-
factant removal (black) and after (red) [Publication II].

The electrical conductivities of the CNT/NFC films were also measured after
surfactant removal. Films containing Triton X-100 and Pluronic F-127 were treated
with acetone and films containing CTAB with ethanol. All conductivities improved
after post-treatment but the trends as a function of sonication energy remained ex-
cept with Pluronic F-127 above CMC. The highest improvement was seen with Tri-
ton X-100 where the conductivity reached 8.43 S/cm at sonication energy of 666
kJ/g (Figure 7.18).
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Figure 7.18 Conductivities of NFC/CNT nanocomposite films using Triton X-100, untreated films (blue)
and treated films (black) [Publication III].

The developed technique to produce highly conducting CNT/NFC films was
also used to coat macroscopic cellulose fibres. These cellulose based hierarchical
composite materials has an even distribution of CNTs on top of the cellulose fibres
as can be seen from (Figure 7.19).

Figure 7.19 Homogenous CNT coverage over cellulose fibers and (b) carbon nanotube percolation net-
work on the surface of cellulose fiber [Publication IV].

These hierarchial structures were used to to form electrically conducting 3D ele-
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ments using foam forming technology. It was presented that the elements have high
enough electrical conductivity so they can be used as heating elements like can be
seen from (Figure 7.20). The conductivity was 7.7 S/m, which increased to the value
8.0 S/m after surfactant removal by acetone washing.

Figure 7.20 (a) Plywood mounted molded heating element with dimensions and (b) infrared camera
image of heating element prototype at steady state in room temperature. [Publication IV].
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7.4 The effect of aspect ratio

In PU nanocomposites the filler loading was below (1 Wt. %) and just above (2 Wt.%)
the percolation threshold of 1.25 Wt.%. PU nanocomposite studies showed that elas-
tic modulus determined from stress-strain curves follows the Halpin-Tsai model as a
function of aspect ratio, but measured values remains approximately 50% lower than
theoretical predictions. This can be explained to cause from poor interfacial bond-
ing between the filler and matrix since the surfactants used in the dispersion process
still remains in the matrix. The dispersion quality typically named as a reason for
poor performance of the composite is not likely to cause the reduction since similar
phenomena of achieving only half of the expected values was seen in CNT/NBR
studies regardless of the dispersion quality before surfactant removal [Publication
II].

Figure 7.21 Elastic modulus of PU/CNT nanocomposites with theoretical estimates (Halpin-Tsai) as a
function of aspect ratio (AR) of the filler. 0.5wt% theoretical (black dashed line), 0.5wt%
measured (black circle), 1.0wt% theoretical (red dashed line), 1.0wt% measured (red circle),
2.0wt% theoretical (blue dashed line), 2.0wt% measured (blue circle).

The surface resistance of PU nanocomposites was measured with different nan-
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otube concentrations and aspect ratios. A steep decrease in resistance was observed
in all types of nanotubes which indicates the reaching of critical percolation thresh-
old (Figure 7.22). It was observed that aspect ratio was not a reliable parameter in
estimating the threshold values. In sample AR225 the percolation threshold was
between 0.2 and 0.5 wt% whereas with AR110 it was 0.6–1 wt%. With the shorter
AR210 (NC7000) the percolation threshold was much higher (1–1.5 wt%). The min-
imum resistance of the composites was reached with the longest nanotubes (AR225),
which is approximately 1/3 of the value of AR110, and 1/10 of the AR210 network.

Figure 7.22 Surface resistance of CNT/PU samples with respect to concentration. The inset figure
shows the region at low MWCNT concentration (up to 0.2 wt%). CNTs with longer length
(AR225 and AR110) show a steep decrease in electrical resistivity, indicating ease of achiev-
ing percolation with lower concentrations. [Publication V]

This was most likely to be caused from very different morphologies since AR110
and AR225 nanotubes are stiff and linear whereas AR210 (Nanocyl NC 7000) are
curly as can be seen from Figure 7.23.
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Figure 7.23 TEM images (taken at different magnification) of CNTs after sonication treatment depict-
ing the difference in morphology; an interesting observation is significantly difference in
morphology; an interesting observation is significantly different appearance of the samples
AR225 and AR210, revealing the uncertain nature of the aspect ratio. AR210 are short, thin
and twisted; AR225 are thick and straight [Publication V].
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8 CONCLUDING REMARKS

Carbon nanotubes are excellent filler material in short fibre reinforced nanocompos-
ites. However there are many challenges using them mainly related to difficulties
in dispersing nanotubes throughout the matrix. One of the most used methods to
achieve homogeneous dispersions in low viscosity liquids is sonication. The aim of
this thesis was to study how the relative dispersion quality of CNT colloids is devel-
oping during sonication processes and conduct a theoretical framework for it. The
effect of determined relative dispersion quality, presence of surfactants used in the
dispersion process, and different characteristics of CNTs on physical properties of
cellulose and elastomer composites was also studied.

The main novel scientific contribution of this thesis relays on creating a theoret-
ical framework for development of dispersion quality in sonication assisted aqueous
dispersion process of carbon nanotubes. The theory was developed from one simple
relation between development rate of the opacity of the colloid and concentration
of undispersed nanotubes. All the previous publications on the subject are purely
empirical. Theoretical model includes constants that could be used to study mech-
anisms how surfactants and their concentrations affect the dispersion development.
Another novelty aspects of this thesis is in studying the mechanical and electrical
properties of the nanocomposites as a function of dispersion quality where compos-
ites were deliberately fabricated with poor dispersion quality, and also investigating
effects of post-treatments in which components necessary for nanofluid manufactur-
ing were being removed from the matrix.

8.1 Research question 1

In order to answer to the research question 1, theoretical framework for dispersion
quality development during sonication was conducted. A initial assumption was
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that the rate of improvement of dispersion quality as a function of used inertial son-
ication energy is related to a concentration of un-dispersed CNTs in larger agglom-
erates. This first order differential equation was solved and verified experimentally
with four different surfactants. It was noticed that different surfactants were giving
different values for the parameters of the equation, which could be used to classify
different surfactants for dispersing CNTs using sonication.

8.2 Research question 2

In order to answer to the research question 2, NBR nanocomposites were manufac-
tured with solution casting method. Different relative dispersion qualities of the
aqueous CNT colloid were used and their effect on physical performance of the com-
posites was studied. Typical assumption related to dispersion quality of CNTs is that
the more homogeneous the composite is, the better the mechanical performance. It
was noted that this is not true when considering elastic modulus, which peaked with
relative dispersion qualities between 0.5 - 0.7. However, the elongation at break and
ultimate tensile strength showed linear dependence on relative dispersion quality.
With low RDQ values the reinforcement effect of nanotubes is mainly coming from
reinforcement effect of the agglomerates. As the RDQ is enhancing the reinforce-
ment is a combination of agglomerate reinforcement, filler-filler interaction, bound
polymer effect and local reinforcement of individual nanotubes. Going higher with
RDQ the effect of agglomerates is lost, the amount of bound polymer is decreased
and a number of individual nanotubes is increased. This has lowering effect on stiff-
ness and storage modulus of the nanocomposites but enhancing effect on elongation
at break and ultimate tensile strength. Sonication is changing the fractal dimension
of the filler, integrity of the graphitic structure, chemical environment and aspect
ratio of the nanotubes. All of these are microscopic parameters that are included in
RDQ which is a macroscopic parameter of the system and can be used to optimize
the individual dispersion process.
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8.3 Research question 3

In order to answer to the research question 3, manufactured NBR films were swelled
with acetone which dissolved the surfactants from the matrix. Electrical and thermal
conductivities, stress-strain and DMA measurements were performed before and af-
ter acetone treatment. While conductivities were not affected, mechanical measure-
ments showed significant improvements in performance. This indicates improved
filler-filler and matrix-filler interaction. The same acetone treatment was also made
for CNT-nanocellulose films which showed significant improvements in electrical
conductivities reaching highest reported values for such compositions.

8.4 Research question 4

In order to answer to the research question 4, polyrethane nanocomposites were man-
ufactured with using three different nanotube types varying aspect ratio and diam-
eter. Electrical and mechanical studies showed that longer nanotubes exhibit better
electrical conductivity and that related percolation threshold is dependent on length
of the nanotubes more than aspect ratio. On the other hand mechanical properties,
in this case elastic modulus was found to be dependent on aspect ratio. Therefore
aspect ratio should not be used as the universal parameter characterizing carbon nan-
otubes.
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8.5 Future topics

Authors have unpublished data from sonication experiments including changes in
thermal conductivity of randomly oriented CNT networks as a function of son-
ication energy, changes in IG/ID ratio from Raman-spectroscopy as a function of
sonication energy and also changes in activation energy of oxidation using Kissinger
method. In sonication experiments CNT dispersions experiences a gelation which
probably is related to changes in morphology of the agglomerates. Combining this
data with theoretical work related to reinforcing effects of fillers having various frac-
tal dimensions would be very interesting.
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Abstract

In this paper, we propose and verify a theoretical model of the development of 
dispersion quality of aqueous carbon nanotube (CNT) colloid as a function of 
sonochemical yield of the sonication process. Four different surfactants; Triton 

X-100, Pluronic F-127, CTAB and SDS were studied. From these four SDS had 

the lowest dispersion performance which was surprising. Optical dispersion quality 

results fits well with proposed theoretical model.
Keywords: Physical chemistry, Materials science

1. Introduction

There is one significant feature requiring attention when it comes to
CNT-nanocomposites and colloids; a dispersion quality. Dispersion quality, i.e. 
dispersed nanotubes divided by the total number of nanotubes, has a huge impact 
on the effective surface area of the interaction between the matrix and the filler. In 
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order to optimize the performance one needs to know how to control the dispersion 

quality during each step of the manufacturing process.
CNTs forming large agglomerates creates challenges to process and stabilize colloids 
made of them. To optimize a dispersion process, enough energy density needs to 

be generated to overcome internal forces holding the aggregates together. Typical 
methods are shear-mixing [1] and sonication [2]. Of these two methods, sonication 

is superior especially for low viscosity systems where conventional mixing methods 
cannot create the required high strains rates. The dispersion process using sonication 

is based on inertial cavitation where imploding microscopic cavities generate 
intensive streams of molecules with high energy densities inside the liquid. Cavities 
are known to preferably exist at the boundaries of different materials [3] which makes 
sonication a very effective and precise method for dispersing nanotubes. Prolonged 

sonication however can cause damages to the tubes and must be avoided [4].
After the CNTs have been detached from aggregates, there is a possibility of re-
agglomeration. To stabilize the system in water based dispersions, different types 
of surfactants such as ionic (anionic and cationic), non-ionic, polymer based and 

their combinations have been used comprising current state-of-the-art [5,6,7,8,
9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. The basic idea is to 

enable surfactant molecules to be adsorbed on the surface of CNTs via hydrophobic 
interactions, 𝜋-𝜋 bonds, hydrogen bonds or electrostatic interactions [29,30].
The nanotube dispersing efficiency of surfactants is linked to the length of an alkyl 
chain of the surfactant, presence of benzene ring, and the functional (terminal) 
group [10], concentration [22] and charge [31]. An optimum surfactant-CNT weight 
ratio has been reported to vary, ranging from 1:1 to 1:10 [10,32]. It has been reported 

that an efficient CNT dispersion is possible only when the surfactant concentration 

is above the CMC value [27,33,34,35]. It has also been reported that dispersing 

agents can form stable dispersions below and equal to their CMC limit [5,7,12,36]. 
Moreover, it has been noted that the best result can be reached with a concentration 

of 0.5 CMC, and that any further increases in the concentration of the surfactant has 
only a minor effect [36]. Even with a absence of consensus using too high surfactant 
concentration may affect the properties of CNT network in the end product, using 

too low surfactant concentration can cause re-aggregation in colloid since a sufficient 
amount is needed to cover all CNT surfaces [32].
During the sonication, there is a dynamic equilibrium of concentrations between 

individual, surfactant coated nanotubes and nanotube agglomerates. As more energy 

is brought into the system, more nanotubes are being detached from the agglomerates 
and a dispersion quality is approaching unity. There are number of methods 
available for studying the quality of CNT-dispersions and they include; atomic force 
microscopy (AFM) [10], transmission electron microscopy (TEM) [32], Raman 
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spectroscopy [37] and UV–Vis spectroscopy [38]. Of these methods, UV–Vis 
spectroscopy has been shown to represent the most accessible and versatile method 

to determine the dispersion quality of CNT dispersions especially for liquid systems. 
In the method, the light passing through a sample of colloid experiences scattering 

and absorbance. Both of these phenomena scale linearly with the concentration of 
colloidal particles and, therefore, the opacity 𝛼 of the dispersion can be used to 

measure the number of nanotubes (individual tubes or dispersed small aggregates) 
in the supernatant [23]. At a fixed wavelength, UV–Vis spectroscopy can be used 

to determine the onset point of 𝛼 as a function of the applied acoustic sonication 

energy. At this point, the system is close to its optimal dispersion state and further 
sonication would only damage the nanotubes without improving the quality of the 
dispersion.
In the previous studies the parameters to describe sonication have been total energy 

and time [38,39]. These parameters work well with specific processes but are 
insufficient for comparing different studies since different sonication systems have 
different yields of transforming electrical energy to acoustic energy and individual 
systems also produce different amounts of inertial cavitation (vs. non-inertial). 
Inertial cavitation is mainly responsible of exfoliation of nanotubes whereas non-
inertial cavitation is related to surface damages of the tubes [40]. In order to 

generalize all types of sonication systems parameter of sonochemical yield should 

be used; like first proposed by Koda et al. [41].
This article introduces theoretical framework for controlling the dispersion quality 

of aqueous carbon nanotube colloids during a sonication process. This framework is 
indifferent towards the sonication system, used energies and times.

2. Theory

We propose that for an ultrasound system, where the re-agglomeration of carbon 

nanotubes is inhibited by using surfactants the rate of opacity increase is related to 

effective acoustic energy in a following way:
d𝛼
d𝐸

= (𝛼𝑚𝑎𝑥 − 𝛼)𝑓 (1)
where 𝐸 is the effective acoustic energy divided by CNT mass, 𝛼𝑚𝑎𝑥 is the maximum 

achievable opacity of the system and 𝑓 is a shape function. By separation we arrive 
to

d𝛼
(𝛼𝑚𝑎𝑥 − 𝛼)

= 𝑓d𝐸 (2)

Integration, rearrangement, and then using both sides as exponents 𝑒𝑥 leads to
𝛼 = 𝛼𝑚𝑎𝑥 − 𝐶𝑒− ∫ 𝑓d𝐸 (3)
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For a system where 𝑓 is a positive constant, and by applying boundary conditions, 
𝛼(0) = 0 and lim𝐸→inf 𝛼(𝐸) = 𝛼𝑚𝑎𝑥, 𝛼 can be expressed as
𝛼(𝐸) = 𝛼𝑚𝑎𝑥(1 − 𝑒−𝜅𝐸) (4)
where, 𝜅 is a system-specific constant related to the types and quantities of the 
chemical components in the colloid.
In order to generalize (4) for all types of sonication systems, sonochemical yield is 
used instead of energy. In our experiments we used the concentration of iodine-ions 
𝐼−3 divided by CNT mass, 𝐶𝐼−3

as a parameter [42].
It is known that sonolysis of water produces hydrogen peroxide 𝐻2𝑂2 via hydroxyl 
and hydrogen radicals and it causes oxidation of 2𝐼− to 𝐼2 from dissolved potassium 

iodide. 𝐼2 then reacts with 𝐼− to produce 𝐼−3 , which has a peak absorbance at 355 nm 

and which can be detected by using UV–vis spectroscopy. The method, also known 

as Weissler reaction, has been proposed to be used as a standard method for the 
calibration of sonication systems [41]. The chain of chemical reactions is induced 

only by inertial cavitation, which is mainly responsible of the de-agglomeration of 
CNT aggregates. Therefore, Weissler reaction can be used to measure and compare 
effective dispersive processes of different sonication systems.
Thus, using 𝐶𝐼−3

with Equation (4), it leads to

𝛼(𝐶𝐼−3
) = 𝛼𝑚𝑎𝑥(1 − 𝑒

−𝜅𝐶𝐼−3 ) (5)
where the value of 𝐶𝐼−3

is determined based on an experimental graph of electrical 
energy 𝐸𝑒 versus concentration of iodine-ions.
For determination of sonochemical yield of 𝐼−3 versus electrical energy consumed 

by the sonicator concentrations of 𝐼−3 were analyzed using the Beer–Lambert law
𝛼 = 𝜖𝑏𝑐 (6)
where 𝛼 is the absorbance, 𝜖 is the molar attenuation coefficient of 𝐼−3 , 𝑏 is the length 

of the optical path (in cm), and 𝑐 is the concentration of 𝐼−3 . Linear fitting was used 

to interpolate 𝐼−3 production as a function of electrical energy and slope of the fitting 

was used to calculate values for the sonochemical yield.

3. Materials &methods

3.1. Materials

In this study, we used Nanocyl7000 multiwall carbon nanotubes (Nanocyl SA., 
Sambreville, Belgium) and four different surfactants: octyl phenol ethoxylate (Triton 
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X-100), polyoxyethylene-polyoxypropylene block co-polymer (Pluronic F-127), 
sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB), all 
from Sigma Alrdich (Merck KGaA, Darmstadt, Germany). For the Weissler reaction 

potassium iodide (KI) (Merck KGaA, Darmstadt, Germany) was used.

3.2. Weissler reaction

For determination of sonochemical yield of 𝐼−3 versus electrical energy consumed 

by the sonicator, 200 ml of 0.1M KI solution was sonicated using different total 
energies and corresponding concentrations of 𝐼−3 were detected by measuring 𝐼−3
specific absorbance with Shimadzu UV-1800 spectrophotometer (Shimadzu Corp., 
Kyoto, Japan).

3.3. Dispersion of carbon nanotubes

160 samples with 0.40 ± 0.01 g of Nanocyl NC 7000 multiwall carbon nanotubes, 
four different surfactants (Triton X100, Pluronic F-127, CTAB, and SDS) with four 
different surfactant masses (0.1 ±0.01 g, 0.2 ±0.01 g, 0.4 ±0.01 g and 0.8 ±0.01 g) and 

deionized water were weighed in 100 ml glass beakers so that all samples weighted 

80 ± 0.1 g. Dispersions were sonicated using 10 different electrical energies with 

QSonica Q700 sonicator (Qsonica L.L.C, Newtown, USA). A 12.7 mm diameter 
titanium probe was used and the vibration amplitude of a sonotrode was set to 60 μm. 
To guarantee identical sample preparation throughout the series, the tip was always 
placed in the same position inside the beaker (15 mm ± 2 mm from the bottom) 
and an external cooling bath with c. 200 W cooling capacity was used to limit the 
temperature variations during the sonication. The applied acoustic energy was varied 

by controlling the sonication time and it was monitored by an internal calorimeter 
of the QSonica Q700 sonicator. A power reading given by the sonicator remained 

between 100–120 W for all the sonications. An opacity at 500 nm, directly related 

to the concentration of carbon nanotubes in the dispersed state, was used to measure 
the quality of the sonicated dispersions. A portion of each dispersion was collected, 
let settle for five days, and its supernatant was diluted with to 1:300 with deionized 

water to get the solutions transparent. The opacity of the diluted dispersions were 
measured by using Shimadzu UV-1800 spectrophotometer and plastic cuvettes with 

1 cm optical path length.

3.4. Imaging

The CNT agglomerate size was evaluated by drying a droplet of the dispersions on 

a metal plate and characterizing them by scanning electron microscopy (FIB-SEM, 
Zeiss Crossbeam 540).
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Figure 1. Concentration of 𝐼−3 as a function of electrical energy 𝐸𝑒𝑙 used by the sonicator. The 
sonochemical yield/energy for this particular sonication system was 0.371 mmol dm−3 kJ−1. An error 
from sample preparation and measurements were estimated to be ± 10 mmol dm−3.

4. Results

4.1. Weissler reaction

Figure 1 shows the development of 𝐼−3 concentration as a function of electrical 
energy consumed by the sonicator. It can be observed that the production rate was 
higher in the beginning of the sonication. This is caused by the dissolved gases, 
which accelerate the hydrogen peroxide production by participating in the chemical 
reactions (oxygen) and by lowering the inertial cavitation threshold [43]. After 
dissolved gases have fully diffused and consumed by the process, the rate of 𝐼−3
conversion slightly slows down. Linear fitting still gives a good approximation for 
𝐶(𝐼−3 ) versus 𝐸𝑒 and was used in all future calculations.

4.2. Dispersion of CNTs

As the applied sonication energy gets higher, the supernatant of the dispersion 

becomes darker indicating an increase in the concentration of CNTs in dispersed 

state (Figure 2). The dark appearance was found to be stable up to several weeks.
Figure 3 shows that the opacity at 500 nm follows the proposed dependence on 

sonochemical yield (5). It can be seen that Triton X-100 and CTAB can disperse 
CNTs close to the maximum dispersion quality at a lower surfactant/CNT mass ratios 
compared to Pluronic F-127 and SDS. It is also evident that the acoustic energy 

required to disperse CNTs with SDS is significantly higher compared to others, 

6 https://doi.org/10.1016/j.heliyon.2018.e00787
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).



Article No~e00787

Figure 2. Series of diluted supernatants of CNT-dispersions corresponding different acoustic energies of 
sonication. Evolution of the dispersion quality can be seen from samples a to j. As solutions get darker, 
more individual nanotubes are being dispersed in to the liquid.

Figure 3. The development of opacity as a function of 𝐶(𝐼−3 )with different surfactant/CNT ratios: ■ 1:4, 
● 1:2, ▲ 1:1 and ▼ 2:1 for a) Triton X-100, b) Pluronic F-127, c) CTAB and d) SDS.

and that the rate of development of dispersion quality is respectively lower. This is 
somewhat surprising since SDS is widely used in many of the reported studies and 

yet it seems to be more difficult to use in order to optimize the dispersion quality.
In Figure 4, a fitted opacity function (5) gives a theoretical asymptote for the 
maximum opacity, 𝛼𝑚𝑎𝑥, with a theoretical infinite yield. Possible deviations from 

(5) with higher yields are due to the fracture (damage) of CNTs as the sonication 

progresses causing additional opacity, which is not related to the surfactant-assisted 

exfoliation of the aggregates.
In Figure 5 it can be seen that investigating dispersion quality with dried samples is 
rather challenging. One can say that larger agglomerates do disappear as a function 
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Figure 4.Measured opacity of sonicated 1:2 Triton X-100/CNT dispersion as a function of sonochemical 
yield of the sonicator together with a fitted opacity function (5).

Figure 5. FIB images of dried 1:2 Triton X-100/CNT dispersions. a) Non-sonicated and b) sonicated with 
maximum opacity. It can be seen that most of the large agglomerates have been dispersed and the metal 
plate is coated with individual CNTs. Still some larger particles exists.

of sonochemical yield, but calculating a number describing the dispersion quality 

is basically impossible. Dried sample for FIB microscopy is not an accurate 2D 

presentation of the 3D situation. During the drying process the surface tension of 
water affects how 2D-structure is being formed. Therefore SEM or FIB microscopy 

is not optimal for studying dispersion quality of water based CNT colloids.
Variation of maximum absorbance can be seen for different surfactant/CNT ratios 
depending on the surfactant type (Figure 6). It is noticeable that there is a sharp 

change in the development of the maximum opacity as the surfactant/CNT ratio 

increases. Below this threshold value of surfactant/CNT ratio, the highest reachable 
opacity (indicating the maximum dispersion quality) is to be low. On the other 
hand, when the ratio matches the threshold value, the maximum opacity gets also 

rapidly reached and further increase in the ratio does not improve the dispersion. For 
applications where surfactant assisted dispersions are necessary, the determination 
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Figure 6. Measured maximum opacities as a function of surfactant/CNT ratio for three different 
surfactants; ■ Triton X-100, ● Pluronic F-127 and ▲ CTAB.

Figure 7. The factor 𝜅, indicating a growth speed of the opacity as a function of surfactant/CNT for 
■ Triton X-100, ● Pluronic F-127 and ▲ CTAB.

of an optimum surfactant ratio is critical since excess surfactant remaining, for 
example in a nanocomposite matrix, will diminish the physical properties. SDS is not 
included in Figure 6 since the applied acoustic energy range was not high enough to 

reach the saturation in the opacity. SDS was the only surfactant which did not reach 

saturation point of the opacity with used energies even with highest concentrations. 
All sonications except the lowest concentration of SDS were above critical micelle 
concentration.
The factor 𝜅 in Equation (5), indicating the rate of opacity increase as a function 

of acoustic energy, is implicitly dependent on the surfactant/CNT ratio (Figure 7). 
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𝜅 can be observed to have a different local minimum for different surfactants, which 

is most likely related to the adsorption mechanism of the surfactant on the CNT 

surface. Depending on surfactant concentration, the assembly on the CNT surface 
is different. The tendency to improve the dispersion along with the increase in the 
acoustic energy is weaker the stronger is the surfactant layers internal binding on 

the initial agglomerates. Also, the response in the acoustic energy transfer by the 
surfactant layer can hinder the CNT agglomerate dispersion yet it is challenging to 

theoretically verify the difference in this response between different surfactants.

5. Conclusions

A theoretical equation for a development of the dispersion quality of aqueous CNT 

colloid as a function of sonochemical yield was proposed. Sonication experiments 
with four different surfactant types and different surfactant/CNT ratios and inertial 
cavitation activities were performed. The inertial cavitation activity was determined 

using the Weissler reaction. It was shown that the proposed equation fits well with the 
performed measurements and that the maximum opacities, received via fitting the 
equations, follows an S-curve as a function of surfactant/CNT ratio. The revealed 

sonochemical yield-dispersion (SCY-D) relation indicates that there is a threshold 

for the minimum surfactant/CNT ratio to achieve the optimal dispersion quality 

for a CNT-surfactant system. Here, we determined the lower and upper values of 
the threshold region of surfactant/CNT ratios for three different surfactants, namely 

Triton X-100, Pluronic F-127, and CTAB.
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Abstract: Post-treatment removal of dispersion agents from carbon nanotube/rubber composites
can greatly enhance the mechanical properties by increasing the filler–matrix interaction. In this
study, multiwall carbon nanotubes (MWNT) were dispersed in water by sonication and nonionic
surfactant, octyl-phenol-ethoxylate was used as a dispersion agent. The dispersed MWNTs were
incorporated in thermo-reactive acrylonitrile butadiene rubber (NBR) latex and nanocomposite
films were prepared by solution casting. As a post-treatment, the surfactant was removed with
acetone and films were dried in air. Dispersion quality of the colloid before casting was determined,
and mechanical, electrical and thermal properties of the composites before and after the acetone
post-treatment were studied. It was found that removal of dispersion agent increased the storage
modulus of films between 160–300% in all samples. Relative enhancement was greater in samples
with better dispersion quality, whereas thermal conductivity changed more in samples with smaller
dispersion quality values. Electrical properties were not notably affected.

Keywords: CNT; NBR; nanocomposite; dispersion; post-treatment

1. Introduction

Elastomers are being reinforced with several different types of fillers to improve their mechanical,
electrical and thermal properties. Typical fillers include sub-micron carboneous particles or silica
depending on the application. There are many factors influencing the enhancements in composite
properties including size distribution of the particles, aspect ratio, dispersion quality and adhesion to
the matrix.

In last two decades, there has been a great effort to introduce novel nanosized particles in
to elastomer matrices. These include nano-silica [1], organo-clays [2] and carbon with different
morphologies like carbon nanotubes, graphene, etc. In theoretical speculations, one of the most
promising nanosized fillers are carbon nanotubes (CNT) [3] due to their geometrical structure and
intrinsic mechanical and electrical properties. Despite the high expectations, there have been many
challenges in realizing their potential as filler in soft rubber matrix including achieving proper
dispersion, mixing technology, no standard specification about the quality and type of the tubes.

Compared to many other fillers, carbon nanotubes forming large agglomerates are more
challenging to use. To optimize the dispersion process, enough energy density needs to be generated to
overcome internal forces holding the aggregates together. Typical methods include shear-mixing [4,5],
and sonication [5,6]. From these, the sonication is superior especially in low viscosity systems
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where conventional mixing methods cannot create required high strain rates. The dispersion process
using sonication is based on inertial cavitation where imploding microscopic cavities are generating
intensive streams of molecules, which again creates high strain rates and energy densities inside the
liquid, enough to break nanotube agglomerates in to smaller aggregates and detach individual tubes.
These cavities are also known to preferably exist on boarder lines of different materials, which make
sonication a very effective and precise method for dispersing nanosize particles [7]. It is important to
optimize the sonication process since prolonged sonication however can cause damage and alter the
properties of the tubes [8,9]

After the nanotubes have been detached from aggregates, there is a high possibility of
re-agglomeration. To stabilize the system different types of surfactants are being used including
sodium dodecyl sulfate (SDS) [10], sodium dodecylbenzene sulfonate (SDBS) [11] and octyl phenol
ethoxylate (TritonX-100) [10]. Molecules act as buffers between separated nanotubes preventing their
re-agglomeration since van der Waals forces, responsible for the phenomena, is decreasing very rapidly
as a function of distance. Surfactants are therefore essential in stabilizing and improving a dispersion
quality of the colloids, a factor greatly affecting the properties of many applications. However, they
can also inhibit the physical interactions between fillers and the matrix in processed nanocomposites.

Reinforcing the matrix is directly related to good adhesion and to the percolating contact area of the
individual nanotubes and therefore wrapping the tubes with surfactants constrains the enhancements.
Different procedures have been presented to remove the excess surfactant after nanocomposite
structures were manufactured including: nitric acid [12], Fenton reaction [13], photocatalysis [13],
organic solvents [14] and water rinsing [15]. Most of the studies were performed on transparent
conducting thermoplastic films or on cellulose structures and very little information is found regarding
elastomer composites.

In this paper, we demonstrate a simple method to enhance physical properties of NBR/CNT
nanocomposite films by removing the surfactant from the matrix with acetone. It was found that
removal of dispersion agent increased the storage modulus of films over 150% in all samples. Relative
enhancement was greater in samples with better dispersion quality. In addition, thermal conductivity
increased by over 100% with lower dispersion quality samples. Electrical properties were not notably
affected.

2. Materials and Methods

2.1. Materials

Aqueous dispersion of thermoreactive butadiene acrylonitrile copolymer (Litex®N2890,
Synthomer plc, London, UK) was used to cast a matrix (Table 1), multiwall carbon nanotube powder
(NC7000TM, Nanocyl SA., Sambreville, Belgium) was used as a filler (Table 2) and octyl phenol
ethoxylate (Triton X-100, Merck KGaA, Darmstadt, Germany) was used as a dispersion agent.

Table 1. Physical properties of Litex®N2890 LATEX.

Property Value Unit Method

Solids content 41.0 % ISO 124
pH 7.3 - ISO 976
Viscosity <100 mPas ISO 1652
Surface tension 31.9 mNm−1 DIN 1409
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Table 2. Physical properties of NC7000TM carbon nanotubes.

Property Value Unit Method

Average diameter 10 nm TEM
Average length 1.5 µm TEM
Carbon purity 90 % TGA
Transitional metal oxide <1 % ICP-MS
Surface area 250–300 m2g−1 BET

2.2. Dispersion of Carbon Nanotubes

Fifteen samples with 0.40 ± 0.02 g of NC7000TM multiwall carbon nanotubes, 0.40 ± 0.02 g
of Triton X-100 and 79.20 ± 0.01 of deionized water was weighed in 100 mL glass beakers and
sonicated using different acoustic energies. A concentration of carbon nanotubes was selected to be
low enough to avoid dramatic increase in viscosity as CNTs start to disperse. Increase in viscosity
would otherwise increase the acoustic resistance which could diminish the dispersive power of the
process. For sonication, a tip sonicator (QSonica Q700, Qsonica L.L.C, Newton, CT, USA) with 12.7 mm
diameter titanium probe and vibration amplitude of 120 µm was used. To guarantee identical sample
preparation, the tip was always placed in the same position inside the beaker (15 mm ± 2 mm from the
bottom) and external cooling bath with c. 200 W cooling capacity was used to limit the temperature
variations during the sonication. Acoustic energy was monitored by internal calorimeter of the QSonica
Q700 device and varied by controlling the sonication time. An acoustic power reading given by the
sonicator remained between 110–140 W in all sonications.

2.3. UV-VIS Measurements

An opacity at 500 nm, directly related to a concentration of carbon nanotubes in dispersed state,
was used to measure the quality of the sonicated MWNT-dispersions in water [16]. A portion of
each dispersion was collected, settled for five days and its supernatant diluted with deionized water
with the ratio of 1:300 to get the solutions transparent. The absorbance of the diluted dispersions
was measured with spectrophotometer (Shimadzu UV-1800, Shimadzu Corp., Kyoto, Japan) using
quartz cuvettes.

2.4. Casting of NBR/CNT Nanocomposites

After the dispersion quality as a function of sonication energy for MWNT dispersion was
determined, selected colloids were prepared for casting. Five samples of 61.5 ± 0.1 g of CNT-solution
with different dispersion qualities were mixed with 6.0 ± 0.1 g of NBR copolymer latex and left to dry
for 72 h in flat 120 × 120 mm size acrylic molds. After drying, the films were cross-linked by heat in an
oven for 3 h 100 ◦C. A CNT concentration in all samples was the same, 12.5 ± 0.3 phr and average
thickness of the films was 200 ±20 µm. The concentration was chosen to be higher than a percolation
threshold of NC7000TM carbon nanotubes [17]. To remove surfactants as a post-treatment from the
selected samples, films were immersed in acetone for 60 min and dried in room temperature.

Another similar set of films were fabricated for stress–strain measurements by repeating the
solution casting steps three times increasing the film thickness to 600 ± 50 µm.

2.5. Surface Resistance Measurements

Electrical surface resistance of the NBR/CNT composites was measured before and after the
post-treatment with an electrometer and a resistivity chamber (Keithley 6517 electrometer and 8009
Resistivity Chamber, Tektronix, Inc., Beaverton, OR, USA), and by following an ASTM D257 standard.
CNT/NBR nanocomposite films were placed between electrodes and in plane current was detected at
3.0 V. The current was let to relax for 60 s after which the reading was made.
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2.6. Thermal Conductivity Measurements

Through plane thermal diffusivity of the films before and after the post-treatment was determined
with a laser flash analysis (LFA) method (Netzsch Hyperflash LFA 467, Erich NETZSCH GmbH & Co.
Holding KG, Selb, Germany) following ASTM E1461 standard. In addition, 10 mm × 10 mm piece of
the sample film was placed in a sample holder, sprayed with graphite paint and a through plane heat
signal was detected at room temperature. The specific heat of the samples for LFA was determined
in room temperature with a differential scanning calorimeter (DSC) (DSC 204 F1 Phoenix, Erich
NETZSCH GmbH & Co. Holding KG, Selb, Germany) using standard ISO 11357 Part 4. In addition,
10 ± 0.1 mg of the film material was weighed in a crucible and heated from −60 ◦C to 60 ◦C with
10 ◦C/min heating rate and using N2 as purge gas. Reference material for specific heat capacity
measurements was single crystal sapphire. Heat exchange and temperature was monitored from
which specific heat was calculated. A volume density of the samples was calculated from the volume
and weight of the samples.

2.7. Stress–Strain Measurements

Stress–strain studies were performed with tensile tester (Messphysik midi 10–20, Messphysik
Materials Testing GmbH, Furstenfeld, Austria) and dumb-bell test pieces. Selected crosshead speed
was 100 mm per minute.

2.8. Dynamical Mechanical Analysis

Dynamic mechanical analysis was carried out using rectangular specimen using a dynamic
mechanical thermal analyzer (Eplexor 150N, Gabo Qualimeter Testanlagen GmbH, Ahleden, Germany)
in the tension mode. The isochronal frequency employed was 10 Hz and the heating rate was 2 ◦C/min
with a dynamic load of 0.2% strain and static load at 0.5% strain. The amplitude sweep measurements
were performed with another dynamic mechanical thermal analyzer (Eplexor-2000N, Gabo Qualimeter
Testanlagen GmbH, Ahleden, Germany) in tension mode at room temperature, at a constant frequency
of 10 Hz, 60% pre-strain and dynamic strain from 0.01–30%.

3. Results and Discussion

3.1. UV-VIS Measurements

Figure 1 shows that the opacity at 500 nm as a function of sonication energy follows a logistic
curve (dashed line) deducted in the author’s earlier work [18]. Since opacity is related to dispersion
quality, one can use it to optimize the sonication energy to prevent oversonication and damaging the
tubes. For casting, five samples were selected representing different dispersion qualities and sonication
energies from 0 to 0.4 MJ/g. In order to simplify future data analysis, a concept of relative dispersion
quality (RDQ) was used referring to measured opacity of an individual sample divided by saturated
opacity achievable by the system with infinite sonication energy.
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Figure 1. Opacity of 300 times diluted CNT colloid supernatant as a function of sonication energy per
CNT mass with fitted logistic function.

3.2. Acetone Immersion

In order to remove free and bound surfactant from the films, they were immersed in acetone for
60 min. After drying, it was noticed that mass change was greater than the mass of added surfactant
(Triton X-100). This was concluded to be caused by removal of surfactants of the pristine latex.

The masses of the films in Table 3 are not equal even the casting was done with equal masses.
The reason is that, during the removal of films from the molds, part of the material was lost and only
undamaged parts were processed further.

Table 3. Mass changes of films after acetone treatment.

RDQ Mass of the Film (g) Mass Difference From Acetone Treatment (g)

0.0 1.36 0.48
0.4 2.06 0.60
0.6 1.82 0.51
0.9 1.70 0.51
1.0 1.89 0.53

3.3. Surface Resistance Measurements

After an initial drop, the surface resistance of the rubber sample did not notably change as a
function of dispersion quality or post treatment (Figure 2). The resistance values are remaining in
the range of 20 kΩ/sq to 30 kΩ/sq. The loading of the tubes in all samples is at 12.5 phr, so the
concentration of carbon nanotubes is significantly above the critical percolating concentration. For this
reason, the conductivity of the samples did not alter that much with different dispersion qualities after
acetone treatment. Even at lower dispersion quality, the distribution of the CNTs took place in such
a way that the nanotubes could form a percolating network. Surfactant absorbed on CNTs did not
significantly increase the contact resistance of the percolating network.



Materials 2018, 11, 1806 6 of 12

Figure 2. Surface resistance of untreated and post treated samples with different relative dispersion qualities.

3.4. Thermal Conductivity Measurements

Thermal diffusivity was determined as an average from 15 individual flashes. Thermal conductivity
κ of the sample was calculated using relation, κ = aρcp, where a is the thermal diffusivity, ρ is volume
density and cp is the specific heat determined with DSC (0.75 ± 0.05 kJ/◦C kg).

Thermal conductivity peaked with relative dispersion quality close to 0.6 (Figure 3). In this value,
the sonication process experienced some type of gelation point where loose CNT agglomerates start
to percolate throughout the dispersion. At this point, the physical interaction of CNT network is at
the highest level, which also leads to an increase in thermal conductivity. Acetone post-treatment
enhanced the thermal conductivity with smaller dispersion quality values but was marginal with
higher values.

Figure 3. Thermal through-plane conductivity of untreated and post treated samples with different
relative dispersion qualities.

3.5. Stress–Strain

The mechanical properties of the rubber composites were evaluated that were prepared with
the pre-dispersed CNT solution. It can be found that the NBR behaves like a well crosslinked rubber
matrix with elongation at break around 600%. This rubber sample (without any filler) was also
treated with solvent and, after the treatment, the stress–strain properties were not altered that much.
After incorporation of CNT, the mechanical properties were improved to a considerable extent. It can be
found that the modulus of the composites was gradually increased with the increase of the sonication
dosage i.e., better relative dispersion quality. To understand the effect more elaborately, the stress–strain
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diagram from one of the representative samples is shown in Figure 4. It is clear that a small amount of
nanotubes reinforces the rubber matrix as the curves becoming steeper. Here, it is interesting to note
that, after solvent treatment, the stress is more at a given strain. This could be explained by the way
that the small molecules of surfactant (what was used to disperse the tubes in aqueous medium) are
leached away during the solvent treatment process. Thus, this result indicates that a vulcanized rubber
sample could be made more mechanically robust by suitable solvent treatment.

Figure 4. Comparison between untreated and treated nanocomposites with high relative dispersion
quality vs. untreated and treated reference material.

From Figure 5, it can be seen that, as RDQ is increasing, the ultimate strength is also increasing.
Before acetone treatment, the ultimate strength of the nanocomposite is below the untreated value of
the pristine NBR film (lower dashed line), and after acetone treatment all ultimate strength values of
nanocomposites are above the treated values of NBR (upper dashed line). One note again is to be made
close to RDQ of 0.6 where the local peak is to be seen similar to thermal conductivity measurements.

Figure 5. A development of ultimate strength of CNT/NBR nanocomposites as a function of relative
dispersion quality. Dashed lines are representing unfilled NBR elastomer films.

Reference material is also being affected by the acetone treatment. This is due to the fact that
the used Litex latex is also containing some surfactants that presumably are dissolved into acetone,
improving the mechanical interaction of the rubber molecules.
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Figure 6 shows the development of elongation at the break of the films. As expected, the filled
elastomers are more brittle compared to pristine rubber. However, in filled and treated elastomers,
elongation at break is growing linearly as a function of RDQ and comes very close to unfilled NBR
and over the untreated values of pristine film. It is therefore possible to manufacture stiffer elastomer
composite that have the same properties of maximum elongation.

Figure 6. A development of elongation at break of CNT/NBR nanocomposites as a function of
relative dispersion quality together with fitted dashed lines. Elongation at break is growing at
slope 367% × RDQ in untreated composites and 346% × RDQ in treated composites. Solid lines
are representing unfilled NBR elastomer films.

3.6. Dynamical Mechanical Analysis

The rubber composites were further investigated by strain sweep analysis to understand
filler–filler interaction, which is generally called Payne effect. For filler containing cross linked rubber,
the dynamic mechanic properties is largely dependent on the dynamic strain and this property is well
known as the Payne effect. At higher dynamic strain, the filler–filler networks, developed inside the
rubber matrix, is broken and a gradual fall of the storage modulus is noticed. However, a gum rubber
without any filler does not respond with strain.

In the present case, the storage modulus (E′) of the sample is plotted against dynamic strain
(Figure 7). It can be seen that acetone post treatment enhanced the filler–filler interaction more
than 300% in samples with higher RDQ. However, it can be seen that, with the increase of the filler
dispersion, the dependencies of the storage modulus as a function of dynamic strain is not increasing
linearly, but have again two local maximums at 0.6 with untreated and 0.7 RDQ with treated samples.
(Figure 8). With higher sonication energy, the tubes are dissociated into finer particles and the native
interaction of the CNT aggregates is lost. With RDQ close to 0.6, there seems to be an optimum where
the pristine interaction from original aggregates is still present, and the aspect ratio of the particle is
improved by the dispersion process. These two factors both have reinforcing effects on the composite.
The relative improvement as a function of RDQ can be seen in Figure 9. It also very interesting to
observe that, after solvent treatment, the dependency is more prominent, indicating more filler–filler
interaction within the dispersed tubes. It can be envisaged that the surfactant molecules were initially
deposited in between the tubes and were acting as plasticizers. After removing the surfactant, the two
adjacent tubes are again coming closer and strong filler–filler interactions are realized. This trend also
was observed with all other samples that are not shown here.
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Figure 7. Payne effect of a CNT/NBR nanocomposites before and after the post-treatment.

Figure 8. A development of storage modulus of CNT/NBR nanocomposites as a function of relative
dispersion quality for untreated and treated films.

Figure 9. A development of relative improvement due to the post treatment of the storage modulus of
CNT/NBR nanocomposites as a function of relative dispersion quality.

Dynamic mechanical properties of the samples were analyzed, a plot of storage modulus as a
function of temperature was analyzed and the storage modulus values are tabulated, which were
obtained at room temperature (rubbery plateau region). It can be seen that the storage modulus
(above glass transition temperature) is increasing with the increase of dispersion quality of the CNTs
(Figure 10. It should be noted here that the amount of the tubes is constant for all composites. In this
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case, higher storage modulus is associated with the reinforcing of the tubes to the soft elastomers.
When the agglomerated structure of the tubes is dissociated under sonication conditions into fine
individual tubes, the effective aspect ratio of the tubes is greatly enhanced and directly reflected in the
reinforcing effect.

Figure 10. A development of storage modulus of CNT/NBR nanocomposites as a function of relative
dispersion quality for untreated and treated films.

The Guth and Smallwood (GS) model was used to understand the reinforcing activity of CNT.
Here, the shape factor f can be considered as as the ratio of length to thickness of the tubes in order to
explain stiffening caused by chain-like structure or non-spherical particles (Equation (1)):

Ec

Em
= 1 + 0.67 f ϕ + 1.62 f 2 ϕ2, (1)

where Ec is Young’s modulus of the composites, Em is the Young’s modulus of the gum sample (without
any filler) and ϕ is the volume fraction of the filler in the elastomeric composites. In the present case,
the Young’s modulus is replaced by the storage modulus at a very low strain, E′(0), obtained from
strain sweep analysis (Figure 7). In Equation (1), the ϕ is not constant but is dependent on size and
shape of the particulate aggregates as stated by Sambrook [19]. A tightly bound interphasial volume
between filler and the matrix is behaving more like a filler affecting the effective volume fraction of
the filler-like domains. Using this approach and assuming no major decrease of the aspect ratio of the
CNTs, the development of the effective volume fraction ϕ is shown in (Figure 11).

Calculating with Equation (1), the effective volume fractions are shown in (Figure 11). After an
initial increase, ϕ starts to decrease as RDQ is increasing. It is interesting that again there is a peak
close to RDQ value of 0.6 indicating strong total interaction. Acetone treatment is clearly enhancing the
ϕ values of the model. An explanation to this could be that, as the interaction between filler and matrix
is increased by removing the surfactant, an interphasial layer outside of the filler–matrix interface is
gaining more filler-like characteristics, therefore changing the effective volume fraction and overall
stiffness of the composite. This interphase is also dependent on the morphology of the filler particles.
When filler morphology starts to get a more cylindrical shape by better dispersion quality, the overall
interphasial volume is decreasing, since geometrical hindrance of the bound rubber is lost. This leads
to decrease in the effective filler volume fraction and total reinforcement as can be seen in Figure 8.
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Figure 11. Shape factors, f, calculated using Equation (1), as a function of RDQ.

4. Conclusions

Surfactants are perfect tools in non-covalent exohedral functionalization of carbon nanotubes.
They leave the nanotubes undamaged during the mixing process and enable stable and high
quality dispersion to be made. However, surfactants inhibit the realization of physical properties in
nanocomposites by disturbing the interaction in filler networks and between fillers and matrix.

In this study, we have shown that simple acetone immersion after vulcanization removes residual
surfactants from NBR/CNT nanocomposite films and improves their physical properties. Room
temperature pre-strain storage modulus of the films increased more than 300% in some samples and
storage modulus below glass transition, Tg increased over 30%. We also saw that post treatment is
affected more in samples with better dispersion quality. This is expected since better dispersion quality
is related to increased concentration of adsorbed surfactant on a CNT surface. Removing surfactant
enables better physical interaction between individual nanotubes and between tubes and the matrix.
In our samples, the relative enhancements in mechanical performance of the nanocomposite films
were significantly higher with post treatment than by using the CNTs as filler in the first place.
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Abstract: We present a detailed study on the influence of sonication energy and surfactant type on the
electrical conductivity of nanocellulose-carbon nanotube (NFC-CNT) nanocomposite films. The study
was made using a minimum amount of processing steps, chemicals and materials, to optimize the
conductivity properties of free-standing flexible nanocomposite films. In general, the NFC-CNT film
preparation process is sensitive concerning the dispersing phase of CNTs into a solution with NFC.
In our study, we used sonication to carry out the dispersing phase of processing in the presence of
surfactant. In the final phase, the films were prepared from the dispersion using centrifugal cast
molding. The solid films were analyzed regarding their electrical conductivity using a four-probe
measuring technique. We also characterized how conductivity properties were enhanced when
surfactant was removed from nanocomposite films; to our knowledge this has not been reported
previously. The results of our study indicated that the optimization of the surfactant type clearly
affected the formation of freestanding films. The effect of sonication energy was significant in terms
of conductivity. Using a relatively low 16 wt. % concentration of multiwall carbon nanotubes we
achieved the highest conductivity value of 8.4 S/cm for nanocellulose-CNT films ever published in
the current literature. This was achieved by optimizing the surfactant type and sonication energy per
dry mass. Additionally, to further increase the conductivity, we defined a preparation step to remove
the used surfactant from the final nanocomposite structure.

Keywords: nanocellulose; carbon nanotubes; nanocomposite; conductivity; surfactant

1. Introduction

Conductive composite materials with micrometer and nanoscale fillers, like metallic powders,
carbon black, graphite and carbon fibers, are used in many applications, such as antistatic films and
electromagnetic interference (EMI) shielding. Electrical conductivity of 0.01 S/cm or higher is required
for the composite to be considered conductive, while materials with lower conductivity can be used as
antistatic and semiconducting materials. One of the drawbacks with most fillers is that the filler content
ratio needs to be as high as 50 wt. % to achieve the percolation threshold (i.e., the critical concentration
of filler that corresponds to the sharp rise of conductivity). However, this high filler content ratio might
lead to a decrease in the resultant composite’s mechanical properties [1,2]. Nanomaterials, such as
carbon nanotubes (CNTs) and graphene, play a role in the development of future composite materials.
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For example, CNTs and graphene have been used to toughen matrix polymers [3], to adjust barrier
properties of nanocomposite films [4], and to form hierarchical reinforcements [5]. It is possible to
attain the percolation threshold in the insulating polymer matrix at a low CNT concentration due to
their excellent electrical, mechanical and thermal properties.

Individual CNTs are part of a group of the strongest and most conductive nanomaterials known [6].
Additionally, CNTs can carry higher current density than any other known material, with its highest
measured value being 109 A/cm2 [7,8]. However, to obtain an ideal conductive network, the carbon
nanotubes have to be well separated and homogenous dispersion should be maintained in the final
product. Without efficient dispersion, filler aggregates act as defect sites, which leads to lower
mechanical performance [9,10]. As the most abundant polymer on earth, cellulose is a promising and
well-known material that can be used as a matrix in nanocomposites.

Cellulose is environmentally conscious, low-cost, strong, dimension-stable, non-melting, non-toxic
and is a non-metal matrix. The interest towards nanoscale cellulose has increased during the past few
years because of its inherent properties, including its good mechanical properties, which are better than
those of the respective source biomass material [11]. Cellulose-based micro-/nanofibrils (MFC/NFC)
can be extracted from various types of plant fibers using mechanical forces, chemical treatments,
enzymes or combinations of these. The most typical approach, however, is to apply wood pulp and
mechanical methods such as homogenization, microfluidization, microgrinding and cryocrushing.
Finally, after fibrillation, the width of NFC is typically between 5 and 20 nm, with a length of several
micrometers. Nanocellulose (NFC) has hydroxyl groups in its structure and is therefore associated with
high aspect ratio and strong hydrogen bonds formed between nanocellulose fibers [12]. These bonds
enhance mechanical properties and enable the formation of free standing films. A combination of
CNTs and cellulose I provides a conductive nanocomposite network. CNT-cellulose composites have
been reported to be used as supercapacitor electrodes [13,14], electromagnetic interference shielding
devices [15], chemical vapor sensors [16], water sensors [17,18], and pressure sensors [19].

There are different manufacturing methods for the fabrication of CNT-cellulose nanocomposites,
but all the methods typically include (1) a phase of dispersing CNTs into a solution, and (2) an impregnation
phase into the cellulose substrates (e.g., paper, filter paper) [15,16,20–23]. Alternatively, the dispersion can
be used as a wet component with bacterial cellulose [24,25], with cellulose I and regenerated cellulose
fibers [13,18,26] or in an aerogel form [17]. The processing of nanocellulose in an aqueous medium is the
most common way due to its tendency to react with water, and strong affinity to itself and hydroxyl group
containing materials [12]. Chen et al. [27] showed that NFCs and CNTs can form a three-dimensional
conductive network structure in a gel-film morphology to achieve high electrical conductivity.

The properties of the nanocellulose-CNT composites are affected by the quality of CNT dispersion,
amount of structural and oxidative defects in the graphitic structure of the CNTs, the aspect ratio of
the CNTs after the disaggregate treatment, the strength of the matrix, and the interactions between the
CNTs and the cellulose matrix. [28] The key challenge in numerous industrial applications is to achieve
uniform and stable CNT dispersion. The homogenization phase is vital to maximize the excellent
mechanical, electrical and thermal properties of the CNTs and the eco-friendly, strong and low-cost
nanocellulose matrix. This is particularly important in the case of submicron- or nanometer-sized
particles. In these scales, the surface chemistry plays an important role, managing the particle
dispersion within the final product [29]. CNT dispersions are challenging because as the surface
area of particles increases, the attractive forces between the aggregates [29] and the high aspect ratio
enable the entanglement and bundling of CNTs [30]. There are two phenomena that affect CNT
dispersions: nanotube morphology and the forces between the tubes. Entanglement of CNTs occurs
due to tube morphology, as well as molecular forces, high aspect ratio, and high flexibility. Dispersing
these entangled aggregates is difficult without damaging the nanotubes. Both CNT and aggregate size
are expected to play a crucial role in the achieved level of electrical conductivity [31].

Two typical dispersion methods for CNTs include high shear mixing and pure sonication
[13,15,16,19–21,24,32]. Sonication is based on ultrasonic waves that generate microscopic bubbles
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or inertial cavitation, which produces a shearing action. This results in liquid and suspended particles
becoming intensely agitated. Another common technique is to use a centrifuge in one of the processing
steps to extract the unwanted agglomerates from the supernatant, but this additional phase takes time
and effort and affects the concentration of dispersed particles in the dispersion. In general, sonication
is superior to shear mixing, especially for low-viscosity systems [33], where conventional mixing does
not create high enough strain rates to disintegrate the CNT aggregates.

Another issue in the manufacturing of films using NFC is the shrinkage and distortion of the
structure because of faster evaporation rate on surface than the mass transport of moisture within the
material. When strong enough gradient occurs, film distortions emerge because of local stresses [34,35].

One widely used method for CNT dispersion is the non-covalent method. In this method, chemical
moieties are adsorbed onto the surface of CNTs, the CNTs are non-covalently dispersed in a water
medium, and the resultant mixture is sonicated in the presence of the moieties, namely surfactants.
Surfactants are a group of organic compounds that have a hydrophilic head and a hydrophobic
tail, and they are commonly used as detergents, wetting agents, emulsifiers, foaming agents and
dispersants. The advantage of the non-covalent method lies in the fact that it does not deteriorate the
electronic structure of the CNTs’ graphitic shells, maintaining their high electrical conductivity. Good
dispersion can be achieved by having a mixture of both nanocellulose and carbon nanotubes with the
help of surfactants, as the surfactants lower the interfacial free energy between the particles. Table 1
lists information about surfactants and their properties used in this study.

Table 1. Surfactants used in this study.

Product Name Triton™ x-100 Pluronic® F-127 CTAB

Type Non-ionic Non-ionic Polymeric Cationic

Name Octylphenol Ethoxylate Poloxamer Hexadecyltri-methylammonium
bromide

Chemical Structure
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In the current literature, there are several different types of surfactants used for dispersing
nanocellulose and carbon nanotubes. Choosing a surfactant type for effective dispersion of nanotubes
through surfactant adsorption is complicated, as the results in the published literature often give
contradictory results. For example, some researchers [29] have suggested that ionic surfactants are
preferable for creating aqueous dispersions. However, the non-ionic surfactant Triton X-100 was
shown to be a better surfactant than the anionic surfactant SDS, which was attributed to the π-π
stacking ability of the former. The quality of the NFC-CNT dispersion is dependent on the nature of
the surfactant, the concentration and the type of interactions between the surfactant and dispersing
particles [36]. It has been stated that, for dispersing CNTs it is preferable for the surfactant to have a
relatively high HLB (hydrophilic-lipophilic balance) value [29]. This assumption was proven false in
our previous study [37]. Not only are the surfactant’s nature and energy carried into the dispersed
system, but the concentration of the surfactant also has a crucial role in the dispersion process [38].
Too high a surfactant concentration may negatively affect conductivity properties by blocking off
the charge transport through the CNT network [39]. In addition, a low surfactant concentration
can cause re-aggregation, because a sufficient amount is required to cover CNT surfaces to prevent
re-aggregation [39,40]. It has been shown that an efficient CNT dispersion is only possible when the
surfactant concentration is above the critical micelle concentration (CMC) value [41–44]. In some cases,
the surfactant concentration is reported to be higher than the (CMC), but no micelle structures are
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observed in the dispersion. Presumably, most of the surfactant has been adsorbed onto the surface of
the CNTs [40]. In other cases, surfactants can prefer surfactant-surfactant interactions over spreading
on the CNT surface [45]. It has also been reported that dispersing agents can form stable dispersions
below and equal to their CMC limit [46–49]. Moreover, it has been noted that commonly, the best results
can be reached with a concentration of 0.5 CMC and that any further increase in the concentration of
surfactant has only a minor effect [48].

The ISO 14887:2000(E) standard can be used to determine prospective dispersing agents for both
cellulose and carbon. We can categorize nanocellulose and CNTs as solids. In that case, when using water
as liquid, the category of suitable dispersing agent would be a poly ethylene-oxide (PEO)/alcohol for
CNT and PEO/poly propylene oxide (PPO) copolymer for nanocellulose. The standard also provides
information about commercial surfactants that fall into the mentioned categories. PEO/PPO copolymer is
a suitable surfactant for nanocellulose. The standard denotes that a commercial equivalent is Pluronic®.
In the case of CNTs, one example of alkyl phenoxy PEO ethanol dispersing agent is Triton™.

The typical approach to the manufacturing of conductive cellulose-CNT films has been to increase
CNT weight percentage without optimizing the dispersion procedure or the used surfactants. Also, the
effect of the particular ratios of the cellulose, CNT and surfactant toward each other has not been fully
investigated. Even though ultrasonication is widely used for the dispersion and stabilization of CNTs,
there is not a standard procedure for the sonication process, and different research groups have applied
different sonication treatments to their samples. Sonication can cause chemical functionalization but it can
also cause defects and breakage of CNTs [1,50–52]. This will further affect the performance of CNT-based
materials and their applications. It has been found in the current literature that sonication parameters
such as sonicator type, sonication time and temperature control vary significantly, with reported
sonication times ranging from 2 min with tip sonication to 20 h for bath sonication. Dassios et al. [53]
attempted to optimize the sonication parameters for the dispersion of MWCNTs in an aqueous solution.
Two critical questions concerning the homogeneity of aqueous suspensions of carbon nanotubes by
ultrasonic processing were identified; namely, the dependence of dispersion quality on the duration
and intensity of sonication and the identification of the appropriate conditions for retaining the highly
desirable initial aspect ratio of the free-standing tubes in the dispersed state. Fuge et al. [54] studied
the effect of different ultrasonication parameters (time, amplitude) on undoped and nitrogen-doped
MWCNTs in aqueous dispersions and found a nearly linear decrease of the arithmetic mean average in
MWCNT length with increasing ultrasonication time.

The aim of this study was to optimize the conductivity of NFC-CNT nanocomposite films using a
minimum amount of processing steps (e.g., without centrifugal processing of dispersion or pressing
of the film), materials and chemicals. In this paper, NFC and multiwall carbon nanotubes (MWCNT)
were used to prepare composite films and study the effect of the sonication energy and surfactant type
on the electrical conductivity of the nanocomposite. In addition, we investigated the removal of the
surfactant from the nanocomposites and the subsequent effect on the electrical conductivity. To our
knowledge this is a novel approach and has not been reported previously. The conductivity properties
of the nanocomposites were studied as a function of the used sonication energy amount, as well as
with and without the presence of surfactant.

2. Results

The impact of sonication energy on electrical conductivity was one of the processing parameters
with the highest interest in this study. This was due to the lack of previous research in the current
literature. Also, our results show that the surfactant type and sonication energy play a major role in
achieving excellent conductivity. In addition to the previously mentioned parameters, removal of
surfactant can enhance conductivity values toward levels never seen or reported.

Overall, the shelf-life of the sonicated dispersion samples was significantly long, since samples
remained unchanged before the film preparation. Also, sedimentation was not detected, based on
the fact that conductivity values were at the same level when measured from both sides of the
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nanocomposite films. The appearance of the sonicated dispersion samples was identical; however,
the consistency and visually inspected viscosity varied with increasing sonication energy. This was
observed with Triton X-100 and Pluronic F-127 samples but not in cetyl trimethylammonium bromide
(CTAB) surfactant-containing dispersions.

2.1. Conductivity of NFC-CNT Nanocomposite Films

Electrical conductivity of the even and uniform centrifugally cast films was measured using the
four-probe measuring technique. With this method, it is possible to minimize the contact resistances
and thus provide more accurate conductivity measurements than for the commonly used two-terminal
measurement. The sheet resistances of prepared and cut nanocomposite films (size 30 mm × 30 mm)
were measured using a four-point probe setup made in-house and a multimeter (Keithley 2002,
Tektronix, Inc., Beaverton, OR, USA) in four-wire mode. The probes were placed in line, with
equal 3 mm spacing. The four-probe setup is described elsewhere in detail [55]. The conductivity
measurements were carried out using a 1 mA current and voltage was measured. Measurements were
taken before and after removal of surfactant.

The selection of the most functional surfactant was an important aspect in this study. This selection
was determined based on the sheet resistance measurements. The effect of different surfactants and
sonication energy on conductivity is shown in Figure 1. From the conductivity diagrams, the effect of
surfactant type can be visually observed and estimated.
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According to the standard, our assumption was that non-ionic surfactants would be the most
promising surfactants. This was clearly the case, since the films made with surfactants Triton X-100
and Pluronic F-127 outperformed the films made with ionic surfactant CTAB.

Visual observations made with CTAB aqueous dispersion samples after sonication indicated
that these samples did not gelate even with a higher amount of sonication energy per dry mass
(666 kJ/g). This suggests that the dispersion process may not have been entirely successful, since
samples had different consistencies and visually separate particles. The ionic surfactant (CTAB) was
used to manufacture films at a 1 to 1 ratio of dry mass content of NFC and CNT. The conductivity of
films processed using CTAB decreased as the sonication increased from almost 1.5 S/cm to less than
0.90 S/cm. The conductivity diagram of these films was different in its nature; the highest values were
measured with the lowest amount of sonication energy.

Based on the standard Pluronic F-127, surfactant should be compatible with cellulosic materials.
The first set of Pluronic F-127 nanocomposite films were done with a 1 to 1 ratio to dry mass content
(0.30 wt. %). Results show that conductivity is decreasing as a function of sonication energy. Based on
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this finding, another set of films was manufactured using a surfactant concentration below the CMC
limit (0.09 wt. %). Conductivity results for this set of samples show higher conductivity values than
films manufactured using a surfactant concentration higher than the CMC value (0.30 wt. %). Using
Pluronic F-127 surfactant, the highest conductivity for nanocomposite films was achieved using a
sonication energy of 666 kJ/g. When comparing values of films below and above CMC value the
difference is sensational 5.36 S/cm (0.09 wt. %) versus 1.88 S/cm (0.30 wt. %).

For Triton, the highest conductivity value of 3.37 S/cm was achieved with 666 kJ/g sonication
energy. It should be noted that almost the same conductivity result (3.02 S/cm) was achieved using
just 166 kJ/g of sonication energy.

2.2. Effect of Surfactant Removal

Conductivity measurements were also carried out after the removal of the surfactant used in
the dispersing phase. Triton X-100 and Pluronic F-127 films were acetone treated and CTAB films
were treated with ethanol. It can be clearly seen in Figure 2 that removal of surfactant has a strong
effect. Removal of surfactant from films made with CTAB increased the conductivity significantly;
the maximum conductivity was 3.02 S/cm for 166 kJ/g sonication energy. However, the films expressed
a decrease in conductivity at sonication energy similar to the films with the surfactants present.
For Pluronic F-127 films (Figure 2c) made below the CMC limit of the surfactant, the removal of
surfactant did not have a significant effect on the conductivity. Even though there was no clear trend,
the film with surfactant had somewhat higher conductivity than the one where surfactant was not
present. For Pluronic F-127 (0.30 wt. %), the shape of the diagram differed from other previous sets.
The films initially exhibited a decrease in conductivity as a function of increasing sonication energy,
and the highest values were measured for the samples sonicated at the least energy, but also for the
highest amount of sonication energy. For the samples with high conductivity, the removal of the
non-ionic surfactant increased the conductivity. The highest value obtained from these measurements
was 2.88 S/cm for a sonication energy of 166 kJ/g. A dramatic increase was observed in conductivity
values of films manufactured with surfactant Triton X-100 (Figure 2a): the conductivity increases from
approximately 3.0 S/cm to a value of 8.42 S/cm when the non-ionic surfactant was removed (sample
was sonicated at 666 kJ/g). It should be noted that the films containing the surfactant did not exhibit
as strong a sensitivity to increasing sonication energy (as those without surfactant).
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It is well known that surfactants can plasticize the structure of composites and interfere with
conductivity properties by situating themselves at the interface between the conductive particles and
matrix. This phenomenon was demonstrated when the properties of the nanocomposite films were
compared in this study. Firstly, there was a clear increase in the conductivity of the films processed
using the Triton X-100 and CTAB surfactants due to the removal of the surfactant. The diagrams
(pristine vs. washed) were similar in their trend, and a clear increase in terms of conductivity was
observed. When using the surfactant Pluronic F-127 for processing, a clear conclusion could not be
made because the conductivity diagrams did not show a corresponding, monotonic trend due to
surfactant removal. However, the results showed that, when the surfactant is present in the film
structure, the effect of interference by Pluronic F-127 (concentration below CMC) on the electrical
conductivity is at its minimum.

2.3. Comparison to Previous Results

When comparing our nanocomposite film’s conductivity results to previous studies, we found
that our results were superior to reported values. In Figure 3 are illustrated electrical conductivity
results from studies that have used native NFC and manufactured homogenous nanocomposites from
it. For non-ionic surfactants, the highest conductivity value found was 0.022 S/cm at a 10 wt. % CNT
loading [17]. In our study, the highest value was 8.42 S/cm after removing Triton X-100 and, likewise,
5.35 S/cm with Pluronic F-127 still present in the film.
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current literature. Pink star (letter k) refers to our data (Triton X-100), while other letters refer to a [9],
b [56], c [57], d [58], e [22], f [9], g [24], h [57], i [59], j [15], l [32] and m [27].

Huang et al. [57] reported the results of a multiphase process which was used to accomplish
a conductivity of 0.072 S/cm using MWCNT-doping at 10 wt. % and 0.056 S/cm with 5 wt. %
doping with cotton linters and CTAB as a surfactant. CTAB surfactant was also used with
bacterial nanocellulose and CNTs, where the conductivity was 0.027 S/cm (MWCNT 0.1 wt. %) [9].
Also, Yoon et al. [24] used bacterial cellulose as a matrix and obtained conductivity of 0.14 S/cm with
9.6 wt. % MWCNT loading. Electrical conductivity of TEMPO-oxidized cellulose films with 16.7 wt. %
concentration of MWCNTs was 0.001 S/cm, which is lower than the conductive material limit [32].
For chitosan-cellulose-CNT membranes, Xiao et al. [56] accomplished conductivity of 0.062 S/cm with
a 4 wt. % content of MWCNTs. By using comparable materials, but by applying a filtering method,
Yamakawa et al. [58] obtained a 1.05 S/cm electrical conductivity with a 5 wt. % MWCNT loading and
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Chen et al. 1.8 S/cm with 20 wt. % MWCNT. They were able to increase the conductivity to a value of
5.02 S/cm using a chemical alkali treatment.

In addition, studies about manufacturing conductive cellulose composites via coating cellulosic
filter paper with a CNT dispersion have revealed rather good results, but the consistency of the
materials is not homogeneous—not exactly an integral composite. Lee et al. [15] achieved conductivity
of 1.11 S/cm using 13.3 wt. % MWCNT. Mondal et al. [59] reported conductivity values after
using a dipping method, and they reached 0.85 S/cm with a 12.8 wt. % carbon nanofiber (CNF)
content. Fugetsu et al. [22] manufactured conductive cellulose-based composites using a traditional
paper making process with 8.32 wt. % CNT concentration and, finally, a conductivity of 1.87 S/cm
was obtained.

2.4. Characterization of Nanocomposite Structure

The surface and cross-section of the films processed using surfactant Triton X-100 was studied
with SEM. Images were taken with Zeiss ULTRAPlus scanning electron microscope (SEM). The effect
of sonication as well as the removal of surfactant were studied with the SEM images shown in Figure 4.
Two samples were specifically chosen for this inspection: 166 kJ/g and 666 kJ/g sonication energy
films containing surfactant (Figure 4a,c) and after removal of surfactant Triton X-100 by washing them
in acetone (Figure 4b,d).
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In the top left (Figure 4a) image, some clusters of CNTs are present in the 166 kJ/g sonication
energy sample, but not in the higher sonication energy 666 kJ/g sample. Both films have abundant
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amount of CNTs in the surface. Here, the 166 kJ/g film has a more porous structure than the 666 kJ/g
film. In addition, the CNTs form a more consistent network in the 666 kJ/g film after washing the
surfactant away (Figure 4d).

The SEM images of the sonicated samples in Figure 4 showed that there were clusters present
in the 166 kJ/g sonicated film, while the higher sonicated energy sample did not have similar kinds
of clusters. This indicates that, for lower sonication energies, non-dispersed particles remain in the
films. This is not preferred, since the purpose is to achieve good dispersion of all the particles in the
dispersion and in the films manufactured. This is an indication that the sonication process and amount
of energy used affect the extent of the dispersion of particles.

The through-thickness structure of the films was also generally studied using polished
cross-sections of the films embedded in epoxy. The cross-section in Figure 5 shows the CNT ends
(bright contrast spots) and their even distribution in the film (500 kJ/g), (Triton system) through the
thickness. A slightly layered structure can be observed and concluded as a result of dispersion flow
during the casting.
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Figure 5. SEM imaging of the nanocomposite film (Triton X-100, 500 kJ/g) cross-section when
embedded in epoxy: Left side: overall structure; Right side: magnification in the center of the film.

3. Discussion

Ultrasonication is a widely used process to manufacture aqueous CNT dispersions. However, how
much it changes the properties of dispersed particles and the medium is often overlooked. It is known
that sonication can, for example, generate hydrogen peroxide from water, degrade carbon nanotubes
and ultimately destroy them. Therefore, it is important that the sonication process is optimized in terms
of time and power. It also needs to be noted that the dispersion process is not linear, but follows an
S-curve where temporal development of dispersion quality is related to quantity of un-dispersed solid.

Due to the re-agglomeration tendency of carbon nanotubes, it is necessary to use dispersion
agents, i.e., surfactants, in manufacturing aqueous dispersions. If these dispersions are later used
in conductive films, it is preferable to remove the surfactant to improve CNT network formation.
Although carbon nanotubes are excellent conductors, CNT networks are not. This is due their high
intertubular contact resistance. The contact points act essentially as a tunneling junction for electrons
that is very sensitive to distance. The efficacy of surfactants is based on acting as a spacer between
tubes, so any additional distance in a conductive network is detrimental to the conductivity itself.

4. Materials and Methods

Three-component systems containing nanocellulose, carbon nanotubes and surfactants are used
in the strong, ecologically conscious nanocomposite films of this study. The CNTs add functionality
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to the nanocellulose matrix and the surfactant enables percolation network to build and maximize
conductivity properties.

In this study, the nanocellulose (NFC) production was based on mechanical disintegration of
bleached hardwood kraft pulp (BHKP). First, dried commercial BHKP produced from birch was
soaked in water at approximately 1.7 wt. % concentration and dispersed using a high-shear Ystral
dissolver for 10 min at 700 rpm. The chemical pulp suspension was predefined in a Masuko grinder
(Supermasscolloider MKZA10-15J, Masuko Sangyo Co., Tokyo, Japan) at 1500 rpm and fluidized with
six passes through a Microfluidizer (Microfluidics M-7115-30, Microfluidics Corp., Newton, MA, USA)
using 1800 MPa pressure. The final material appearance of NCF was a viscous and translucent gel.

Multiwall carbon nanotubes (MWCNT, Nanocyl 7000, Nanocyl SA., Sambreville, Belgium) were
purchased from Nanocyl Inc. and the product was used in the state it was in when received. This type
of nanotubes is produced via catalytic chemical vapor deposition (CCVD). Concentration of CNTs was
kept constant at 16 wt. % in the nanocomposite films, so the effects of sonication energy and surfactant
type to the conductivity properties are more visible.

Three surfactants were chosen based on their ionic nature and standard: non-ionic Triton X-100
and Pluronic F-127, and anionic cetyl triammonium bromide (CTAB). Surfactants were purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The surfactants were diluted in deionized water
to form solutions with variating dissolutions (1, 2.5, 10 wt. %).

Preparation of NFC-CNT Aqueous Dispersion

The NFC and CNT were sonicated simultaneously and after sonication no centrifuge was used so
that the preparation of aqueous dispersions could be achieved using a minimum amount of processing
phases. NFC-CNT aqueous dispersions with a total volume of 80 mL were prepared. One set contained
NFC (0.25 wt. %), CNTs (0.05 wt. %), deionized water and one of the selected surfactants (Triton X-100,
0.25 wt. %, Pluronic F-127, 0.09 wt. % and 0.3 wt. % and CTAB 0.30 wt. %). Details about preparation
produce are showed as Figure 6.
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remained between 60 and 70 W for every sonication. The system included a water bath to keep 
samples cool during the sonication so that temperature would not rise above 30 °C. The water bath 
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The total dry mass for all the dispersions was 0.24 g. The sonication of the dispersion samples
was performed with a tip horn (ø 12.7 mm) sonicator Q700 (QSonica LLC., Newton, CT, USA) in
100 mL glass beakers. The sonication amplitude of vibration (50%) was kept constant. The power
output remained between 60 and 70 W for every sonication. The system included a water bath to keep
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samples cool during the sonication so that temperature would not rise above 30 ◦C. The water bath
was cooled by circulating cooling glycerol through a chiller (PerkinElmer C6 Chiller, PerkinElmer Inc.,
Waltham, MA, USA). Samples were sonicated for four different amounts of energies per dry mass,
respectively 166, 333, 500 and 666 kJ/g, which corresponded to energies of 40, 80, 120 and 160 kJ.
Unsonicated samples manufactured using all three surfactants were not homogenous, and this is why
film formation was unsuccessful and not analyzed.

5. Conclusions

The typical approach to the manufacturing of conductive cellulose-CNT films has been to increase
CNT weight percentage without optimizing the dispersion procedure. In this study, NFC and multiwall
carbon nanotubes (MWCNT) were used to prepare composite films using a minimum number of
processing phases (e.g., no centrifugal dispersion or pressing of the film were used), materials and
chemicals. The amount of CNTs was 0.05 wt. % in dispersion and 16 wt. % in the film after the
evaporation of water in ratio to dry mass content of NFC and CNT. The effect of surfactant type
(Triton X-100, Pluronic F-127 and CTAB) and sonication energy on the electrical conductivity of
NFC-CNT nanocomposite films was investigated to identify optimal processing conditions for high
conductivity of the nanocomposite. A conductivity of 5.36 S/cm was achieved by using Pluronic F-127
surfactant and 666 kJ/g of sonication energy. In addition, removal of the surfactant from film and
its effect on the electrical conductivity was studied. A dramatic increase in conductivity values from
approximately 3.0 S/cm to a value of 8.42 S/cm was observed for films manufactured with surfactant
Triton X-100. Conductivity diagrams of the nanocomposite films show that sonication affects the
electrical performance of the films. SEM images of sonicated samples showed that the films sonicated
at 166 kJ/g have a more porous structure than the films sonicated at higher energy. The imaging also
showed that the CNTs form a more consistent network with a combination of high sonication energy
and surfactant removal. It can be concluded that the following parameters significantly affect the
conductivity of NFC-CNT nanocomposite films:

(a) Surfactant type
(b) Surfactant concentration
(c) Sonication energy
(d) Removal of the used surfactant
(e) Film processing technique

To summarize, we manufactured nanocomposite films with exemplary conductivity in
comparison to reported research and this was achieved by optimizing processing parameters and
materials. Further research on the surfactant types and concentration can lead to better dispersion of
the CNTs and therefore even higher conductivity.
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Abstract: In this article, we introduce for the first time, a method to manufacture cellulose based
electrically conductive non-woven three-dimensional (3D) structures using the foam forming
technology. The manufacturing is carried out using a minimum amount of processing steps, materials,
and hazardous chemicals. The optimized solution applies a single surfactant type and a single
predefined portion for the two main processing steps: (1) the dispersing of nanocellulose (NC)
and carbon nanotubes (CNT) and (2) the foam forming process. The final material system has a
concentration of the used surfactant that is not only sufficient to form a stable and homogeneous
nanoparticle dispersion, but it also results in stable foam in foam forming. In this way, the advantages
of the foam forming process can be maximized for this application. The cellulose based composite
material has a highly even distribution of CNTs over the NC network, resulting a conductivity level
of 7.7 S/m, which increased to the value 8.0 S/m after surfactant removal by acetone washing. Also,
the applicability and a design product case ‘Salmiakki’ were studied where the advantages of the
material system were validated for a heating element application.

Keywords: nanocellulose; carbon nanotube; foam forming; conductivity; Salmiakki

1. Introduction

Scientific and industrial research communities are giving considerable attention to smart and
functional materials that are based on renewable bio-based resources and are processed in eco-friendly
ways. Cellulose is a very potential substance as it is a bio-based material and it can be used as a matrix
when manufacturing functional structures. In addition, scientific and technological development is
mature for the emergence of controlled multi-length materials that take advantage of different forms
of cellulose applied in optimal ways. The added functionality requires developing new manufacturing
processes and, especially, adjusting the colloid dispersion upon material production [1,2]. Our innovation
is to use nanocellulose (NC) as a carrier for carbon nanotubes (CNT) in the foam forming process.
In this article, we introduce for the first time a method to manufacture cellulose based non-woven
three-dimensional (3D) structures that are electrically conductive. The manufacturing of the conductive
non-wovens is done using a minimum amount of processing steps, materials, and hazardous chemicals.
Our target is to use the selected surfactant type and amount in both the dispersion processing step
and in the foam forming step. The concentration of surfactant must be sufficient to form stable and
homogeneous dispersion, but it should also allow the formation of stable foam.

Materials 2019, 12, 430; doi:10.3390/ma12030430 www.mdpi.com/journal/materials
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The foam forming process has been studied since it was invented in the 1970s [3,4]. VTT Technical
Research Centre of Finland has been active in the upscaling of foam forming technology and the first
dynamic foam forming studies of the upscaling process were carried out with a modified semi-pilot
scale former [5]. The foam forming technology enables the production and combination of a vast
variety of fibre-based materials and the application of moulding technologies to form lightweight
cellulosic 3D structures. In general, the foam forming technology utilizes aqueous foam instead
of water as a carrier medium and the shear thinning behaviour of the foam makes it an excellent
transport medium for fibres and particles, and it enables the excellent formation of the product being
produced [6,7]. In addition, the air content of the carrier foam is 60–70% and it consists of air bubbles
with a diameter below 100 µm. As stated in an article [8], interest is growing in the use of aqueous
foam as a transporting medium of furnishes. By using the foam forming technology, a decrease in
the cost of production and material savings can be achieved [6]. Furthermore, foam forming ensures
structures that have excellent formation and, when combined with moulding technology, enables
lightweight structures [9–11] and completely new functional product opportunities.

The functional cellulose based matrix structure can be done by adding organic or inorganic
nanostructured components. As one of the numerous options, carbon nanotubes (CNT) provide
excellent electrical properties. CNTs have potential applications in electronics, for example,
as interconnects [12] or energy storages [13]. The true conductivity potential of CNTs can be uncovered
when the dispersing step to a liquid medium is performed properly to form a percolation network.
Recent studies have revealed that the process of dispersing CNTs in a water-based system can be
optimised so that the outcome functionality increases exponentially [14,15]. It is reported in those
articles that, when using sonication as a dispersing process, the applied sonication energy to the
dispersion and a properly selected surfactant play a key role when optimizing conductivity properties
and dispersion quality. In the event, where cellulose pulp and NC-CNT dispersion are combined in
the foam forming process, it is crucial to have the right concentration of surfactant to ensure there
is enough air in the foam. Thus, a highly homogeneous dispersion of pulp fibres must be reached.
The selection of the surfactant must be based on a systematic study to ensure that it will function as a
dispersing aid in the sonication process but also form stable foam upon foam forming.

One of the most commonly used surfactants for foam forming is the anionic surfactant sodium
dodecyl sulphate (SDS), which is used in many industrial applications, such as shampoos, toothpastes,
and shaving creams. The motive for the wide use is its relatively low price, foam stability, easy diffusion
in water and therefore it can be used in rapid foaming [16]. However, SDS might still not be the optimal
surfactant, since it has been shown that SDS as a surfactant of a water-CNT system does not disperse
CNTs optimally to homogeneous dispersion, even if the higher sonication energy and concentration of
surfactant are used [15]. The results in the cited study also clarify that, when surfactant Triton X-100 is
used, stable homogeneous CNT-water dispersion can be achieved.

When the target is to form stable and homogeneous dispersion of CNTs and nano-fibrillated
cellulose, basically two alternatives of non-ionic surfactants exist, in addition to the basic case where
nanocellulose itself acts as a dispersing agent [17]. Based on the current literature [14,18], Pluronic
F-127 and Triton X-100 surfactants have resulted in good conductivity values when NC-CNT dispersion
is used to manufacture nanocomposite films with relatively low CNT concentration. Actually,
the conductivity values of the nanocomposite film can be further increased by removing the surfactant
e.g., by acetone washing. This effect was seen in samples when NC and CNTs were dispersed while
using surfactant Triton X-100, but not in samples that were dispersed using Pluronic F-127. The reason
for this might be that Pluronic F-127 surfactant prefers nanocellulose over carbon nanotubes and,
respectively, Triton X-100 prefers carbon nanotubes. Removing Triton X-100 surfactant from the
interfaces improves the conductivity values.

Nanocellulose interactions with different surfactant types are reported comprehensively in the
review article [19]. In general, interaction between nanocellulose and surfactant has a dependency on
nanocellulose isolation procedure, which affects the surface charge and crystalline level of cellulose
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structure, which results as mobility in the wet state. Surface modification is needed to achieve
interaction between different phases but often this is done at the cost of a given environmental
effect, which is reached using nanocellulose as a structural component in composite structures. Using
nanocellulose in papermaking processes has several advanced properties: it has a high aspect ratio,
high strength along with good flexibility, an interaction potential via hydrogen bonding, and a tendency
to form strong entangled networks. These properties mean that a high tensile strength is attainable at
relatively low concentrations, lower than 5% with respect to pulp content [20,21]. Moreover, an increase
in density has also been reported when nanocellulose is added to pulp. Nanocellulose attaches to the
fibre surfaces as a layer and in this way a large contact area is formed, which increases the number of
hydrogen bonds [22]. Using nanocellulose as a carrier for another material is mentioned in the patent
filed by Tokushu Paper Manufacturing Co Ltd. They suggested using nanocellulose in tinted papers
as a carrier for a dye or pigment [23]. Research group Hii et al. have reported in their article that
microfibrillated cellulose contributed to the bonding of calcium carbonate filler in the fibre network of
paper [24]. Nanocellulose is also suggested to be used as a biocarrier for controlled drug delivery [25].

The application of NC-CNT dispersions in the foam forming process enables the manufacturing
of conductive 3D structures to almost any shape and size. Unfortunately, because of the nanoscale
size of the CNTs, the formation with cellulose pulp alone does not occur efficiently enough to form
the conductive percolation network during the foam forming process. When dispersion is prepared
efficiently to form homogeneous dispersion without any aggregates present, the nanosized CNT
particles flow through the cellulose fibre network in the vacuum assisted moulding with the foam.
Our hypothesis is that nanocellulose can be used as a carrier for carbon nanotubes. It has been reported
that nanocellulose can increase the strength of non-wovens that are manufactured using the foam
forming process [6] and CNTs are good candidate to replace copper and aluminium as an interconnect
material in the next generation electric devices [26].

When conductivity is reached to a certain level and an electric current is passaged through
the structure, which acts like a resistive conductor, the system starts to heat due to its resistivity.
This phenomenon is called resistive or Joule heating. Commonly personal heating elements are
manufactured by inserting copper wire inside a seat heater or heating blanket. These types of
multi-material structures are difficult to recycle, and heating occurs only near the conductive material.
By harnessing carbon nanotubes as a conductive material for heating elements, it is possible to
manufacture structures that do not create hot spots, act as a fire retardant, and the entire volume of
the structure is functional (heating). Furthermore, it is possible to customize a maximum heating
temperature of the heating element by adjusting the NC-CNT dispersion quality and the amount of
CNTs in the foam formed structure.

2. Materials and Methods

In this study, nanocellulose production was based on the mechanical disintegration of bleached
hardwood kraft pulp (BHKP). First, dried commercial BHKP produced from birch was soaked in water
at approximately 1.7 wt % concentration and dispersed using a high shear Ystral dissolver for 10 min
at 700 rpm. The chemical pulp suspension was prerefined in Masuko grinder (Supermasscolloider
MKZA10-15J, Masuko Sangyo Co., Kawaguchi, Japan) at 1500 rpm and then fluidized with eight
passes through Microfluidizer (Microfluidics M-7115-30 Microfluidics Corp., Westwood, MA, USA)
using 1800 MPa pressure. The final material appearance of NC was a viscous and opaque gel.

Multiwall carbon nanotubes were purchased from Nanocyl Inc. (MWCNT, Nanocyl 7000, Nanocyl
SA., Sambreville, Belgium). CNTs were used as received, with-out pre-processing steps. This type of
nanotubes is produced via catalytic chemical vapor deposition (CCVD).

The selection of used surfactant in this study was done based on the previous studies [14,15] and
the requirement to reach an efficient foaming capability. Therefore, Triton X-100 was selected and it is
a non-ionic surfactant that has a hydrophilic polyethylene oxide chain and an aromatic hydrophobic
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group in its molecular structure. Triton X-100 was purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany).

The NC and CNT were sonicated simultaneously and after sonication no centrifuge was used so
that the preparation of aqueous dispersions could be achieved using a minimum amount of processing
steps. Two identical sets of NC-CNT aqueous dispersions with a total volume of 1800 mL were
prepared. One set contained NC (0.15%), CNTs (0.3%), deionized water, and surfactant Triton X-100,
0.4% (Table 1). The total dry mass for the dispersions was 8.25 g. The sonication of the dispersions
was performed using a tip horn (ø 12.7 mm) sonicator Q700 with 20 kHz frequency (QSonica LLC.,
Newton, CT, USA) in 2000 mL glass beakers. The sonication amplitude of vibration (50%) was kept
constant. The power output remained between 50 and 60 W for both sonications. The system included
a water bath to keep dispersion cool during the sonication so that temperature would not rise above
30 ◦C. The water bath was cooled by circulating cooling glycerol through a chiller (PerkinElmer
C6 Chiller, PerkinElmer Inc., Waltham, MA, USA). Dispersions were sonicated with energy per dry
mass, respectively 700 kJ/g dry mass. The energy/dry mass indicates the total applied energy,
not absorbed energy by dry mass. Part of the energy is used to heat the water and part is used to
disperse nanoparticles. Also, part of the energy is used to degrade the sonicator itself and the vessel,
to cause defects to the nanoparticles, and some energy is used to cause several different sonochemical
reactions, like disintegration and the reorganization of water molecules [15,27].

Table 1. Material concentrations in different processing steps.

Material Dispersion Foam Forming

NC 0.15% 0.1%
CNT 0.3% 0.2%

Surfactant Triton X-100 0.4% 0.25%
Pulp - 0.35%

Total volume 1800 mL 5500 mL

The cellulosic fiber material used in this study was gently refined bleached kraft pulp (Scots pine
3.7% dry mass), as obtained from a Finnish pulp mill.

In the foam forming process, two sets of NC-CNT dispersion each volume of 1800 mL were
poured in to the foam forming 32 cm diameter cylindrical tank (Figure 1a), followed by water and
pulp, so that total volume was 5.5 litres (Figure 1b). Concentrations of materials are listed in Table 1.
Mechanical mixing was carried out at a rotation speed of 3500 rpm for 3.5 min. Foaming time resulted
in 70% air content to the foam, meaning that the total foam volume was 19 l. The prepared foam
containing NC-CNT and pulp was poured into a planar mould that has a perforated surface with area
of 0.19 m2, so that sheet formed 3D structure has a grammage of 100 g/m2. Wet foam was removed
using 0.5 bar vacuum suction and for maintaining constant local suction plastic film was placed on the
top of the foam column. After vacuum assisted foam removal the 3D cellulosic fiber sheet was dried
in a thermal cabinet at 70 ◦C for 12 h until dry. Also, reference sheets using bleached kraft pulp and
Triton X-100 surfactant were processed using the same procedure.
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Figure 1. (a) Laboratory scale foam forming equipment; (b) nanocellulose-carbon nanotubes (NC-CNT)
dispersion, pulp, and water mixture before foaming.

The electrical conductivity of the foam formed non-wovens were measured using the four-probe
measuring technique. With this method, it is possible to neglect the effect of contact resistances
and thus provide more accurate conductivity measurements than using two-terminal measurement.
The sheet resistances of prepared and cut foam formed non-wovens (size 30 mm × 30 mm) were
measured using a four-point probe setup made in-house and a multimeter (Keithley 2002, Tektronix,
Inc., Beaverton, OR, USA) in four-wire mode. The probes were placed in line, with equal 3 mm spacing.
The four-probe setup is described elsewhere in detail [28]. The conductivity measurements were
carried out using a 1 mA current and voltage was measured. Measurements were taken before and
after the remaining surfactant was removed from samples by washing them in appropriate amount of
acetone in room temperature (RT).

The mechanical testing (Testometric M500-25kN, Testometric Co Ltd, Rochdale, UK) of foam
formed samples was done according to the standard EN 29073-3:1992 “Textiles. Test methods for
non-wovens, Part 3: Determination of tensile strength and elongation”. From the foam formed
non-wovens, ten sample pieces in total were cut (50 mm × 250 mm). Five of them were tested as such,
while another set of five samples was washed in an appropriate amount of acetone in RT, so that the
remaining surfactant Triton X-100 was removed. In general, the removal of surfactants from various
nanocomposites can enhance the mechanical and electrical properties [14,29]. All of the non-woven
samples were conditioned according to the standard ISO 139 before the tensile testing. The testing was
performed by applying a constant rate of extension of 100 mm/min.
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3. Results and Discussion

SEM imaging (FE-SEM, 3 kW, Zeiss ULTRAplus, Oberkochen, Germany) was used to investigate
the CNT distribution in the foam formed non-wovens. The SEM images have been taken from a
dry sample and the NC has generated a network where the dimensions for individual fibers are
very difficult to determine. Two different magnifications in Figure 2 are illustrating the NC and the
CNT interaction, and the formation of a homogeneous CNT coverage over cellulose fibers. Figure 2b
describes a type of CNT coating on NC: the coverage has excellent distribution over the surface.
This means that the dispersion process using the specific sonication parameters has been successful
and a conductive percolation network of CNTs is formed.
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The electrical conductivity and tensile testing of the foam formed non-woven material was
measured before and after the removal of the surfactant. The non-woven material containing surfactant
was determined to possess a conductivity of 7.7 S/m (± 1.32). After the removal of the surfactant,
conductivity increases to a value of 8.0 S/m (± 1.34). The mechanical strength of the formed non-woven
material is of essential importance for any practical application. Here, the tensile strength of the foam
formed non-woven was 121 N (± 11.8). After surfactant was removed, the strength increased to a
value of 142 N (± 6.1). In comparison, the tensile strength for foam formed reference non-woven made
using the wood pulp, without nanocellulose or carbon nanotubes, is 9.4 N (± 0.5), and after acetone
washing, to remove the surfactant, the value increased to 16.5 (± 1.7). This shows that nanocellulose
and carbon nanotubes also increase the tensile strength of the non-woven composite structure. Also,
the mechanical strength was expected to increase after removal of the surfactant, due to the increased
entanglement and interactions of nanocellulose and carbon nanotubes.

The effect of surfactant removal by acetone washing is minimal to mechanical strength and
conductivity values. The reason for this might be that a majority of the surfactant is already removed
from the structure during the vacuum assisted moulding process. Results also show that adding
NC-CNT dispersion in the foam forming procedure with wood pulp will increase the tensile values
of the manufactured non-wovens. This three material system has over ten times higher tensile
strength compared to one material pulp system when residue surfactant is still present in the
non-woven structure.

The conductivity and mechanical performance of the final parameter set for the preparation led to
results encouraging to the actual application verification. The high conductivity as well as mechanical
strength mean that it is possible to manufacture conductive non-woven and utilize the innovated
material system by using only two processing steps: (1) the sonication of the NC-CNT dispersion and
(2) the foam forming of the final non-woven 3D structure.
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4. Verification and Validation of Applicability: Heating Element “Salmiakki”

The verification study was carried out to manufacture a conductive 3D structure of a selected
prototype using foam forming. The collaboration between designer and materials scientists has
undergone the following steps:

1. Design briefing and setting the objective: a heating element
2. Research: material properties, benchmarking
3. Product innovation: user profiling (business case), user experience scenarios, product ideas,

initial sketching, evaluation discussion, decision on the product features—heating element for
indoor use and a device of a portable size and modular structure

4. Product design development: further sketching and paper mock-ups, evaluation discussion,
decision on the visual form, clarifying the material specifications, testing of the material properties
needed for the prototype manufacturing, CAD modelling, mold development for the foam
forming process

5. Manufacturing and testing the prototype
6. Realistic rendering images of CAD model in interior settings
7. Establishing the outcomes of the collaborative process

Salmiakki, the heating element design taking advantage of conductive cellulose-based composite,
is a result of close collaboration between a designer (A. Ivanova) and materials research scientists
(S. Siljander and J. Lehmonen). The funding and targets of the product were a subtask in the national
Design Driven Value Chains in the World of Cellulose (DWoC 2.0) project (www.cellulosefromfinland.
fi). The objective was set to define the design of an electrical current-based heating element from newly
developed conductive material that highlights the advantageous properties of this novel material and
its production, provides a clear understanding of its future application possibilities, and emphasizes
the local origin of raw materials that are used in the composite production. While features, such as high
conductivity, no metal wires inside, temperature adjustability, mouldability, fire safety, light weight,
soft material feeling, and recyclability make this material suitable for a variety of applications, several
limiting factors, including restrictions in shape and color variations, needed to be considered to aim
for the best performance and outlook.

Prior to the product ideation, a design research was conducted, which included benchmarking
of existing indoor heating solutions, electrically-powered solutions, and solutions incorporating
biomaterials. Benchmarking showed that a diverse variety of electrical interior heating designs are
available on the market, however, biomaterials are seemingly not used for this type of applications.
Based on a survey, no other product on the marked offered bio-based, biodegradable indoor heating
product solution with flexible temperature adjustment, and fabric-like tactile properties.

Product innovation was launched via creation of different user profiles. No in-depth user study
was conducted prior to profile creation; the aim of profiles “personas”, was to serve as inspiration in the
innovation and sketching the design process whilst helping to envision environments and situations
where potential product’s users would benefit from the properties of conductive cellulose-based
composite material. For instance, in addition to heating, such device could be used to keep places
dry, serve as an acoustic element or room divider, and have a decorative purpose. As well as in home
interiors, it could be used inside boats, cars, campervans, or other spaces that are protected from direct
contact with water. Consequently, the decision was made to design a compact heating element of
portable size and modular format, for indoor usage.

Visual design was initially carried out through the creation of sketches and scaled mock-ups,
followed by full-scale paper models, which were discussed at the evaluation phase. Each paper model
was considered for its functional and perceptional attributes, resulting in the choice of a diamond-like
shape that has got the name “Salmiakki” due to its resemblance in shape and black color to a traditional
Finnish candy.
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For Salmiakki to be developed into a functional prototype, technical configurations of the material,
direction of the electric current, and additional functional elements of the future heating device were
outlined and observed when a CAD model was drawn. The CAD model was created for two major
purposes: (1) to prepare a digital file for CNC-machinery of the mould for foam-forming process and
(2) to create realistic 3D drawings to visualize the concept and plan modular compositions.

In order to manufacture the prototype a mould for foam forming process was sized and prepared.
As a reference, the process of mould design for foam-formed cellulose fiber materials was considered,
as described by Härkäsalmi et al. To ensure successful formability during the foam-forming process,
the mould must have a sturdy structure withstanding the vacuum pressure (suction), and correct
permeability allowing for water to pass through while capturing the cellulose fibers [8]. To achieve this,
the structure was designed to consist of two parts, both being female moulds: load-bearing supporting
structure machined from polystyrene foam and a smooth surface layer with micro-perforation,
vacuum-formed from a polypropylene sheet with a 1.5 mm thickness. The prototype was manufactured
at pilot plan of VTT Technical Research Centre of Finland located in the City of Jyväskylä.

Material concentrations and methods used were the same as in foam forming 3D sheets, only pulp
concentration was increased to 85 g dry mass, meaning a concentration of 1.5% in foam forming.
In Figure 3, a schematic flow of manufacturing of heating element Salmiakki is presented.
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The sheet resistivity of the manufactured 3D shape was measured using the four-probe
method before and after acetone washing. Average sheet resistances with standard deviation were,
when measurements were performed from eight sample locations, 26.1 Ω/sq (±2.7), and after acetone
washing, 25.8 Ω/sq (±2.0). Acetone washing did not decrease resistivity much, meaning that there
is minimum amount of surfactant present in the structure that does not alter the conductivity of
the carbon nanotubes. A post treatment option was studied to enhance the visual features and the
conductivity. The final 3D structure was coated by the spray of NC-CNT dispersion that resulted
darker, black finish and alongside, enhanced heating properties at a lower electrical voltage. If all
electric energy P is converted into heat, then heater temperature can be evaluated using Joule’s first
law of heating P = U2 × R−1, where U (electric voltage input, V) and R (resistance, Ω). Using the
electric voltage input of 18.5 V with the resistivity of 25.8 Ω/sq, electric power of heating element is
13.2 W. After the post treatment spray layer of NC-CNT dispersion, the resistivity decreased to value
11.2 Ω/sq (±0.9), meaning that electric power is 30.6 W.

Finally, the cellulose fiber-based heating element was mounted in a plywood cover that was
painted black using wood wax (Osmo Color 3169, Osmo Holz und Color GmbH & Co, Warendorf,
Germany). The surface of the Salmiakki heating element was sprayed with varnish to gain glossy
surface (Dupli-color Lackspray, Wolvega, Netherland) and electrical connections were installed.
Copper tape forming the electrical connection are located on the opposing sides of the prototype
Salmiakki and covering 18 cm2 area per side. The distance between these copper connectors is 22 cm.
As a power source Salmiakki is using 18.5 V, 3.5 A laptop charger (HP, Palo Alto, CA, USA). Infrared
camera imaging was performed using a thermal camera (Fluke Ti400, Everett, WA, USA). In Figure 4,
it can be observed that the temperature near copper tape conductors is 65–75 ◦C and a major part of
Salmiakki heating element is heated to a comfortable 35–45 ◦C temperature at steady state in room
temperature. Because of rapid heating and cooling properties of CNTs, the heating response of the
whole element to steady state is in the order of minutes.

Materials 2019, 12 FOR PEER REVIEW  9 

 

washing, 25.8 Ω/sq (±2.0). Acetone washing did not decrease resistivity much, meaning that there is 
minimum amount of surfactant present in the structure that does not alter the conductivity of the 
carbon nanotubes. A post treatment option was studied to enhance the visual features and the 
conductivity. The final 3D structure was coated by the spray of NC-CNT dispersion that resulted 
darker, black finish and alongside, enhanced heating properties at a lower electrical voltage. If all 
electric energy P is converted into heat, then heater temperature can be evaluated using Joule's first 
law of heating P = U2 × R−1, where U (electric voltage input, V) and R (resistance, Ω). Using the electric 
voltage input of 18.5 V with the resistivity of 25.8 Ω/sq, electric power of heating element is 13.2 W. 
After the post treatment spray layer of NC-CNT dispersion, the resistivity decreased to value 11.2 
Ω/sq (±0.9), meaning that electric power is 30.6 W.  

Finally, the cellulose fiber-based heating element was mounted in a plywood cover that was 
painted black using wood wax (Osmo Color 3169, Osmo Holz und Color GmbH & Co, Warendorf, 
Germany). The surface of the Salmiakki heating element was sprayed with varnish to gain glossy 
surface (Dupli-color Lackspray, Wolvega, Netherland) and electrical connections were installed. 
Copper tape forming the electrical connection are located on the opposing sides of the prototype 
Salmiakki and covering 18 cm2 area per side. The distance between these copper connectors is 22 cm. 
As a power source Salmiakki is using 18.5 V, 3.5 A laptop charger (HP, Palo Alto, CA, USA). Infrared 
camera imaging was performed using a thermal camera (Fluke Ti400, Everett, WA, USA). In Figure 
4, it can be observed that the temperature near copper tape conductors is 65–75 °C and a major part 
of Salmiakki heating element is heated to a comfortable 35–45 °C temperature at steady state in room 
temperature. Because of rapid heating and cooling properties of CNTs, the heating response of the 
whole element to steady state is in the order of minutes.  

 
Figure 4. (a) Visual image of plywood mounted Salmiakki with dimensions and (b) Infrared camera 
image of heating element prototype Salmiakki at steady state in room temperature. 

When calculated, based on the known pricing of raw materials´, the total costs of Salmiakki 
heating element count less than four euros to manufacture the object (foaming plant investments not 
accounted for). In addition to the physical prototype, digital models that were rendered as realistic 
images of the heating element in use were produced to demonstrate how various modular 
compositions may be applied with various interior settings (see Figure 5).  

Figure 4. (a) Visual image of plywood mounted Salmiakki with dimensions and (b) Infrared camera
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When calculated, based on the known pricing of raw materials´, the total costs of Salmiakki
heating element count less than four euros to manufacture the object (foaming plant investments
not accounted for). In addition to the physical prototype, digital models that were rendered as
realistic images of the heating element in use were produced to demonstrate how various modular
compositions may be applied with various interior settings (see Figure 5).
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The verification of the applicability via collaborative design, materials research, and prototype
manufacturing process resulted in the following valid outcomes:

• Better understanding of application properties and overall possibilities of the novel
conductive material

• Testing the foam-forming process of the conductive material into a complex three-dimensional object
• Effective dissemination of the research results for high technology readiness level (TRL) 6-7

through exhibiting of the physical prototype and sharing the digitally produced images.
• Deeper perspective of understanding the potential and possibilities of foam forming for producing

functional 3D-structures.

5. Conclusions

This work focuses on the analysis of conductivity and mechanical strength of NC, CNT,
and cellulose pulp based non-woven composite structure. Secondly, application of the foam forming
process to prepare conductive non-woven sheets, where nanocellulose acts as a carrier for carbon
nanotubes, is studied. Finally, the TRL 6-7 verification and validation programme is reported to
establish industrial potential. The results show that it is possible to improve the surfactant selection,
the sonication process of the NC-CNT dispersion, and foam forming to achieve the highly even
coverage of CNT over the NC network, resulting in very high conductivity of 7.7 S/m. The effect
of surfactant removal by acetone washing was studied, but the effects were not significant on the
measured mechanical strength and conductivity values. Reason for this might be that the majority of
surfactant is removed already during the vacuum assisted moulding process. The applicability and a
design product case ‘Salmiakki’ were studied and the advantages of the material system were validated
for a heating element application. The product case showed that it is possible to manufacture designed
3D heating element using a minimum amount of materials, processing steps, and hazardous chemicals.

These results mean that it is possible to manufacture conductive non-woven and utilize our
innovation using only two processing steps: sonication of the NC-CNT dispersion and foam forming
of the 3D structure. The whole process can be done using a minimun amount of materials and
hazardous chemicals.
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a b s t r a c t

In this study, we examine the effect of multi-wall carbon nanotubes (MWCNT) morphology on
electrical and mechanical properties of MWCNT-filled polyurethane (PU) nanocomposites. The main
objective of this study is to understand the role of aspect ratio and length of MWCNTs in deter-
mining the performance of nanocomposites. Highly aligned MWCNTs were prepared by aerosol-
assisted chemical vapour deposition method and compared to commercially available MWCNTs
in PU matrix for ease of dispersibility and performance. We observed opposing influence of the
MWCNT on electrical and mechanical behaviour of the nanocomposites. The electrical properties
were proportional to length of the MWCNTs whereas the mechanical properties were dependent
on the aspect ratio of the MWCNTs. Moreover, thicker nanotubes (approximately 40 nm) with a
higher aspect ratio (approximately 225) are less prone to shortening and impart better tensile
and storage modulus along with improved electrical and therefore are more suitable for the
MWCNT nanocomposites.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have excellent mechanical and phys-
ical properties such as strength, elastic modulus, and electrical and
thermal conductivity [1]. They are an excellent candidate as rein-
forcements for nanocomposites, as they can improve mechanical
strength and physical properties of polymeric matrix [1]. In
nanocomposite applications, it is important to understand how
the structure and the properties of nanotubes affect the mechani-
cal properties such as strength and stiffness, and physical proper-
ties such as electrical and thermal conductivity of resulting
composite. This field is rather less explored when it comes to CNTs.

The central thesis of this paper is to address the degree of
uncertainty around understanding the effect of MWNCNT mor-
phology on the properties of MWCNT-filled nanocomposites. For
electrical conductivity, it has consistently been reported that the
aspect ratio is the most important parameters in determining
the percolation threshold of nanocomposites [2–6]. On the other
hand, some researchers have reported that length is the critical

factor in determining the percolation threshold [7,8]. Lima et al.
found that longer MWCNTs result in lower percolation thresholds
[9]. For electrical properties, the published findings seem to be
contradictory and relevance of the aspect ratio appears to be
debatable. On the other hand, for the mechanical properties of
CNT-polymer composites, the aspect ratio has been proven to
be reliable in estimating behaviour of nanocomposites [6,10–
12]. However, there seems to be a gap in the evaluation of the
mechanical and electrical properties of CNT-polymer composites
simultaneously taking into account both the aspect ratio and
the length of the CNTs. Moreover, a large number of studies look-
ing at the effect of CNT morphology (aspect ratio, length) on
properties of nanocomposites have not considered the effect of
processing methods [5,6,13,14]. Commonly used processing
methods such as sonication and melt processing are known to
shorten the MWCNTs, hence leading to the reduction of their
aspect ratio [15,16]. Therefore, a detailed study that evaluates
the impact of actual morphology on electrical and mechanical
properties of nanocomposites is needed.

In this paper we address the controversy arising from contra-
dicting results published on effect of length and aspect ratio on
performance of MWCNT filled nanocomposites, by designing an

http://dx.doi.org/10.1016/j.compositesa.2017.08.014
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experiment which simultaneously studies effect of length and
aspect ratio on performance of the nanocomposites.

2. Experimental

Three types of MWCNTs of different aspect ratio were used: two
of them were prepared using aerosol assisted chemical vapour
deposition (AACVD) [17] and one commercially available. These
MWCNTs were sonicated in water and Triton X-100, a commonly
used surfactant, and the MWCNT length and diameter were deter-
mined using both scanning and transmission electron microscopy
(SEM and TEM). MWCNTs with average aspect ratios of 110, 210
and 225 were then dispersed in water based polyurethane and
solution casted to obtain nanocomposites. MWCNT/PU nanocom-
posites were evaluated for their electrical and mechanical
properties.

3. Materials

Details of the MWCNT AACVD synthesis are described else-
where [17–24]. Briefly, the AACVD setup consisted of a piezo-
driven aerosol generator and a quartz reactor heated to 800–
850 �C. A mixture of toluene (C6H5CH3; Fluka; 99.7%) or ethylben-
zene (C6H5CH2CH3; Sigma-Aldrich 99%) with ferrocene (5 wt%;
C10H10Fe; Sigma-Aldrich 98%; purified by sublimation at 95 �C)
was used as the precursor solutions. Prior to the synthesis, the
aerosol generator unit was flushed with argon at room tempera-
ture. The aerosol was then carried into the reactor using argon with
flow rates between 1.0 and 2.5 L/min. Table 1 contains the list of
MWCNT samples and corresponding synthesis parameters, and
their properties.

Commercially available MWCNTs Nanocyl NC 7000 (Nanocyl s.
a., Belgium) were used as received without further processing in all
experiments described in this article. They were selected for this
study due to their high dispersibility which can be attributed to
their loosely packed structure [25]. Specifications of all nanotubes
used in this study are shown in Table 1. The MWCNTs are referred
according to their aspect ratio after sonication, e.g., in-house gener-
ated MWCNTs are referred to as AR 110 and AR 225, whilst com-
mercial MWCNTs (Nanocyl NC 7000) are labeled as AR 210,
where AR stands for aspect ratio.

The characteristics of anionic aliphatic polyester-polyurethane
dispersion Bayhydrol� UH 240 in water are listed in Table 2. The
polyurethane was selected for this study due to its versatility
and current use in wide range of industrial applications such as
adhesives [26], coatings [27], elastomers [28], biomedical applica-
tions [29] and foams [30].

Triton X-100, a non-ionic, octylphenolethoxylate surfactant was
chosen for this study because it has been reported as most suitable
and efficient surfactant for dispersion of MWCNTs in water [31,32].

3.1. Preparation of MWCNT dispersions

For all samples, 0.6 wt% of MWCNTs were dispersed in 1.2 wt%
solution of Triton X-100 in water using a Soniprep 150 plus with
cylindrical titanium tip (diameter 9.5 mm) at a frequency of
23 kHz and a constant power of 20W. The sonication was contin-
ued until maximum dispersion was achieved, determined by
method reported by Grossiord et al. [33] whereby 3 ml of the dis-
persion was collected after regular intervals of sonication, which
was then further diluted in water with a factor of 750. UV absor-
bance was measured over a range of 250–500 nm with a sampling
interval of 0.2 nm using a Shimadzu UV-1601 UV–VIS spectrome-
ter. Sonication was stopped when the maximum absorbance value
remained constant in two consecutive samples. The amount of sur-
factant was kept constant for all the MWCNTs because it affects the
electrical and mechanical properties of polymeric composites [34–
36] and we aimed to keep MWCNT morphology as the only
variable.

3.2. Electron microscopy

Scanning and transmission electron microscopy (SEM and TEM)
were used to determine the aspect ratio of the MWCNTs. Samples
were prepared by drop casting the MWCNT dispersions in water on
a copper grid (300 mesh) with a holey carbon film and air dried for
24 h. The length of MWCNTs after dispersion was determined by
measuring the length of 50 MWCNTs using a Zeiss UTRAplus oper-
ated at 3.00 kV in conjunction with imageJ image analysis software
by taking an average. For diameter measurements, a Jeol JEM 2010
TEM operating at 200 kV was used for imaging the MWCNTs and
an average diameter of MWCNTs was determined again by mea-
suring the diameter of 50 MWCNTs using imageJ image analysis
software and taking an average. It was assumed that the diameter
of MWCNTs was same before and after sonication. This assumption
was made according to findings reported in previous work [37]
[38]. Grossiord et al. mentioned that prolonged and intense sonica-
tion leads only to localized damage in SWCNT walls under intense
sonification [37], therefore it can be inferred the diameter

Table 1
List of the MWCNT samples, corresponding synthesis parameters (reactor size, synthesis temperature, time and flow rate of carrier gas); and properties of MWCNTs (mean outer
diameter, thickness of the carpets, Raman ID/IG, thermogravimetric analysis (TGA) temperature of 50% mass loss [20] and residual catalyst content).

Property AR 110 AR 225 AR 210 (Nanocyl NC 7000)

Reactor size 60 cm long; 2.1 cm ID 120 cm long; 9.5 cm ID Not known
Synthesis temperature (�C) 800 800 Not known
Synthesis time (min) 60 30 Not known
Argon flow rate (L/min) 1 2.5 Not known
Diameter 40–60 nm 30–50 nm 5–14 nm
Length 500–1000 mm 300–800 mm 1–3 mm
Raman ID/IG �0.4 �0.3 1.18–1.84 [56–59]
Residual Fe �3 wt% 5–6 wt% �10 wt%a

TGA T50% �600 �C 600–620 �C �580 �C[60]

a Provided by manufacturer.

Table 2
Characteristics of Bayhydrol� UH240 polymer dispersion in
water as provided in technical data sheet provided by
supplier [61].

Property Value

Non-volatile content 40 ± 1 wt%
pH 6–8
Flow time at 23 �C, 4 mm cup Max. 70 s
Appearance Milky, cloudy
Density @ 20 �C Approx. 1.1 g/cm3

Mean particle size 210 nm
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remained the same. Similarly, Chen et al. the reported that nitric
acid treated CNTs are susceptible to damage, which induces
notches in the outer layer, not removal of MWCNT walls [38]. This
research has utilized mild sonication for a relatively short time.
MWCNTs used in this work were not treated with chemicals such
as nitric acid, so we believe that it is safe to assume that the diam-
eter is not altered during the process. We should stress that for
original aspect ratio calculations, the original length (before soni-
cation) for AR 210 was calculated from the data provided by the
manufacturer, as the supplied nanotubes were in bundle form
and cannot be separated without damaging the original length.
Similar limitation was observed for AR 110 and AR 225, in their
case, the length was calculated by measuring the thickness of
grown carpets in AACVD setups and taking average.

3.3. Preparation of nanocomposite

Composite films were prepared by solution casting on a glass
Petri dish. The thickness of the films was approximately 800 mm
measured by digital caliper. The concentration of MWCNTs was
kept between 0 and 2 wt%. The MWCNT dispersion was mixed with
a fixed amount of polymer solution and sonicated using the ultra-
sonic tip for 15 min before casting into a glass mould with a diam-
eter of 10 cm. For measuring the influence of the aspect ratio on
the performance of the composite, the MWCNT dispersions were
also sonicated for 15 min to expose them to same amount of
energy as the MWCNTs in the nanocomposites. After casting, the
solution was stored overnight and to allow complete evaporation
of water films were then annealed at 110 �C until the weight
became constant, approximately 6 h. Before any testing, samples
were conditioned in 50% relative humidity and at 20 �C tempera-
ture for 96 h. After conditioning, the water content was ca.
0.25 wt%, as measured using thermogravimetric analysis (TGA),
see Fig. 11. The amount of surfactant in nanocomposite films was
twice the amount of MWCNT films, for example 2 wt% MWCNT
nanocomposite has 1 wt% MWCNT, 2 wt% surfactant and 97 wt%
polyurethane.

3.4. Characterization of nanocomposites

Surface resistivity was measured by Metriso 2000 resistance
meter (Wolfgang WarmbiereK, Hilzingen, Germany); 100 V was
applied through a surface resistance probe on a circular sample
with diameter of approximately 10 cm. All measurements were
performed at room temperature. The reported resistivity is an
average of 5 measurements for each sample.

Stress-strain measurements were conducted on dog bone-
shaped samples (type iV; ISO 37:2005) in order to analyse the
mechanical behaviour of the composites. Tensile tests were carried
out according to ISO 37:2005, using a Messphysik (midi 10-20/411,
Messphysik Materials Testing Gmbh, Fürstenfeld, Austria) univer-
sal testing machine at room temperature (23 �C). The crosshead
speed was kept at 100 mm/min. The elastic modulus was mea-
sured in the linear region between 5 and 15%. Three samples were
tested and reported as average.

PerkinElmer PYRIS Diamond DMA equipment was used for
dynamic mechanical analysis of the samples. The operational mode
was sinusoidal tension/compression with the amplitude of 40 mm
and frequency of 1 Hz. The heating rate was kept constant at
3 �C/min.

4. Results and discussions

4.1. Effect of sonication

According to previous studies, sonication energy, not the soni-
cation time is more precise parameter in determining the optimum
dispersion state of carbon nanotubes [33,39]. Sonication energy (E)
is defined by the following equation:

E ¼ P � t=V
where P is output power in watts, t is time of sonication in seconds,
and V is total volume of liquid in millilitres. This topic has been
extensively researched by Grossiord and co-workers. According to
them, characterizing the dispersion state with sonication energy
provides reproducible results [40,41]. Additionally, Dutta and co-
workers have comprehensively worked on effects of sonication on
MWCNTs. They suggested ‘‘destruction reduced sonication proto-
col” which involves ‘‘mild sonication” for obtaining stable MWCNTs
dispersion in organic solvent [42].

Ultrasonication has reported to effectively shorten CNTs [15].
However, extent of damage is not commonly comprehensively
quantified in research papers. The effect of mild sonication on
MWCNTs is given in Table 3 (by comparing average length and
aspect ratio before and after sonication). It can be observed that
sonication, even at low power, results in extreme shortening of
MWCNTs. AR 110 shortened to 5.5 mm from 750 mm of average
length. On the other hand, average length of AR 225 MWCNTs
was down to 8 mm from pre-sonication average length of 550 mm.
However, AR 210 suffered no loss in length, one of the possible rea-
sons might be lower sonication time (energy) required for disper-
sion of AR 210 and their easy dispersibility (due to their loosely
packed structure and low density [43,44]). AR 225 and AR 110 took
more time (energy) to disperse because they are extra-long and
highly-aligned.

Despite the fact that more defective CNTs are presumably more
prone to ultrasound-induced shortening [45,46], no clear correla-
tion between the defect density (Raman D/G) and shortening
length before sonication
length after sonication

� �
was observed. AR 210 with highest density of

structural defects showed negligible sensitivity to sonication,
while AR110 and AR 225 with low defect densities dramatically
shortened. Therefore, it seems that the effect of ultrasonication
on the length of MWCNTs, as a critical processing parameter,
requires further investigation.

Additionally, it is apparent that MWCNTs with large diameters
can break more easily. AR 110, with diameters of ca. 50 nm were
shortened by a factor of 140. On the other hand, the length of AR
225, which has an average diameter of 40 nm, was shortened by
a factor of 70. The difference in diameter of MWCNTs can be
observed in Fig. 2. Our results are in agreement with Heller et al.,

Table 3
Effect of sonication, extent of damage and aspect ratio measurements illustrating the extensive damage in MWCNTs even at low sonication energy.

Nanotubes Approximate aspect ratio
(Before Sonication)

Average diameter
(nm)

Average length
(after sonication) (mm)

Approximate aspect ratio
(after sonication)

Sonication energy
imparted (J/ml)

AR 225 13750 35 ± 9 8 ± 2.1 225 3900
AR 210 158A 9.5 ± 2.5 2 ± 0.8 210 1500
AR 110 15,000 49 ± 8 5.5 ± 2 110 2700

A Based on data provided by manufacturer.
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who have reported that scission of nanotubes as a result of sonica-
tion is diameter sensitive, which means that MWCNTs with largest
diameter are most affected [47].

The difference in aspect ratio can be easily seen in Fig. 1; AR 225
and AR 110 are clearly visible with thick thread like appearance;
AR 210 is in the form of fine filaments. All the dispersions prepared
for this study were stable (monitored by visual observation) for at
least 4 weeks without any sedimentation, indicating that MWCNTs
were finely dispersed in water.

4.2. Electrical resistivity of nanocomposites

The electrical resistivity of nanocomposites at different MWCNT
concentration is shown in Fig. 3. The steep decrease in resistivity
values clearly indicates that an interconnected conductive network
is formed with all types of MWCNTs [48]. The results strongly indi-
cate that the percolation threshold is affected by the length of nan-
otubes. Among the longer nanotubes, In sample AR 225 percolation
is achieved between 0.2 and 0.5 wt% whereas AR 110 has a perco-
lation threshold of 0.6–1 wt%. The shorter AR 210 has percolation
threshold of 1–1.5 wt% (Table 4). Moreover, the minimum resistiv-
ity is also lowest for the nanocomposite containing the longest
nanoatubes (AR 225), which are one-third of the length of AR
110, and one-tenth of the AR 210 sample. It is apparent that the
aspect ratio is not suitable for an approximation of the percolation
threshold. The correlational analysis of performance (electrical and
mechanical) against length and aspect ratio is presented in Figs. 6
and 7. In this particular case length, not aspect ratio, is more accu-
rate to determine the electrical properties.

The percolation threshold of non-spherical fillers in matrix
materials is theoretically estimated by the concept of excluded vol-
ume. The percolation threshold is related to the aspect ratio in fol-
lowing way [49]:

up ¼
1

2AR
ð1Þ

where up is the percolation threshold and AR is aspect ratio. It has
been reported that a good agreement between experimental and
theoretical values is observed [16,49]. However, our results contra-
dict this theory as they strongly suggest that the aspect ratio, is not
always inversely proportional to the percolation threshold. It
appears that estimating the percolation threshold is a complicated

Fig. 1. SEM images (taken at different magnification) of MWCNTs after sonication treatment depicting the difference in morphology; an interesting observation is
significantly difference in morphology; an interesting observation is significantly different appearance of the samples AR 225 and AR 210, revealing the uncertain nature of
the aspect ratio. AR 210 are short, thin and twisted; AR 225 are thick and straight, although their aspect ratio is comparable.

Fig. 2. TEM images showing the difference in nanotube width of the samples. AR 225 and AR 110 are straight and thick while AR 210 is curved and entangled.

Fig. 3. Surface resistivity of MWCNT/PU samples with respect to concentration. The
inset figure shows the region at low MWCNT concentration (up to 0.2 wt%).
MWCNTs with longer length (AR 225 and AR 110) show a steep decrease in
electrical resistivity, indicating ease of achieving percolation.
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task and for a particular nanotube, it can depend on the aspect ratio
or on the length of the nanotubes. (as in our results).

Fig. 4a depicts a sketch of a possible arrangement of well-
dispersed MWCNTs (of proportional length and width of MWCNTs
used in this study) embedded in an insulating matrix to show that
interpreting percolation thresholds on the basis of aspect ratios can
be misleading. It can be clearly observed that sample AR 210 con-
tains significantly more MWCNTs AR 225 and AR 110, which
explains our experimental results that AR 210 has a higher perco-
lation threshold than AR 225 and AR 110. The dependency of elec-
trical properties on MWCNT length observed in this study can be
explained as follows: First and foremost, smaller nanotubes are
likely to have more contacts thus resulting in significant increase
in cumulative contact resistance. It can be clearly observed in

Fig. 4. Relative representation of aspect ratio: (a) Image depicting a possible orientation of nanotubes during formation of interconnected network in the polymeric matrix,
clearly indicating that aspect ratio can be misleading in some cases. The image is drawn to scale keeping results from Table 4 in consideration. The graphic scale for MWCNTs
portrayed in this image is different in length and width directions. (Scale Explanation- Length of MWCNTs: 1 mm = 0.46 cm, Width of MWCNTs: 1 nm = 0.035 cm). (b) Image
further confirming the misleading nature of aspect ratio. All the hypothetical rod-shaped fillers have same the aspect ratio but significant difference in length and diameter.
(For the interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Percolation and minimum resistivity data of MWCNT-filled nanocomposites indicat-
ing the proportional increase with respect of length of MWCNTs. The longest
MWCNTs (8 mm) has 10-fold better electric current conduction in comparison to
shortest MWCNT (2 mm).

MWCNT
type

Average aspect
ratio in matrix

Average length
in matrix (mm)

Percolation
threshold (wt%)

Minimum
resistivity (X)

AR 225 225 8 0.2–0.5 7840
AR 210 210 2 1–1.5 78,200
AR 110 110 5.5 0.6–1 26,200

Fig. 5. Graph depicting an theoretical estimate and experimental results of the
elastic modulus with respect to various aspect ratios. The linearity in the results is
conforming a trend in aspect ratio: however, the experimental values are less than
theoretical values which might be explained by imperfect interfacial bonding and
inability to achieve the perfect dispersion.
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Fig. 4a, that shorter MWCNTs (AR 210) are more abundant in the
matrix than the longer MWCNTs (AR 225 and AR 110), thus will
have higher contact resistance overall caused by numerous junc-
tions ultimately resulting in decreased electrical properties. Sec-
ondly, it has also been mentioned that longer nanotubes bridge
the smaller agglomerates that are also present in the matrix thus
improving the percolation behaviour [50]. Thirdly, the diameter
also plays a significant role in the orientation of the nanotubes in
polymer matrix. For a given volume of MWCNTs larger quantities
of thinner nanotubes are required giving rise to higher van der
Waals forces due to increased surface area enhancing the probabil-
ity of agglomeration. This agglomeration is likely to result in lower
electrical conductivity, as bundled nanotubes will behave as spher-
ical microfillers, rather than cylindrical particles capable of form-
ing interconnected networks. This tendency of thinner nanotubes
to aggregate can be observed in Fig. 1, where AR 210 nanotubes
are present in entangled state. On the other hand, AR 110 and AR
225 does not exhibit any such tendency. Tendency for aggregation
of thinner nanotubes with respect to thicker ones has also been
confirmed by Dubnikova et al. [51]. Finally, it has been mentioned
that thinner nanotubes get twisted during processing which leads
to reduction in effective aspect ratio [51,52].

Another premise that can be used to explain the unanticipated
results in this study is the relative nature of aspect ratio, making it
not completely trustworthy. It is quite possible that two nanotubes
having similar aspect ratio can have a big difference in actual
length and diameter. Fig. 4b explains the relative nature of aspect
ratio. It can be observed that all the four hypothetical rod-shaped
nanofillers have the same aspect ratio but have very different
physical dimensions. Such significant difference in the morphol-
ogy, at the nanoscale, is likely to cause contrasting response,
because other factors such as van der Waals forces can vary signif-
icantly at that level. Therefore, all the above-mentioned factors
need to be considered separately when estimating percolation
threshold on the basis of MWCNT morphology.

Fig. 6. Co-relational analysis of tensile properties and electric properties with
variation of aspect ratio for 2 wt.% MWCNT/PU nanocomposites, clearly indicating
that elastic modulus is proportional of aspect ratio of MWCNTs, and surface
resistivity have no ordered behaviour with respect to the aspect ratio. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 7. Co-relational analysis of tensile properties and electric properties with
variation of length for 2 wt% MWCNT/PU nanocomposites, clearly indicating that
surface resistivity is proportional to the length of MWCNTs, and the elastic modulus
is not correlated to length.

Fig. 8. Stress-strain curves for 2 wt% MWCNT nanocomposites: (a) Indicates behaviour on high strain values (till 500%). The strain of all the samples was more than 500%. (b)
Indicates the magnified area indicated, to clearly depict the increase in elastic modulus with increase of aspect ratio.

Table 5
Quantitative data for the stress-strain analysis of 2 wt%, 1 wt% and 0.5 wt%
nanocomposites for AR 225, AR 210 and AR 110.

E (2 wt%) E (1 wt%) E (0.5 wt%)

AR225 5.81 ± 1 5.22 ± 0.9 4.48 ± 0.2
AR210 4.97 ± 0.1 4.51 ± 0.2 3.78 ± 0.3
AR 110 3.64 ± 0.1 3.54 ± 0.1 3.81 ± 0.4
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4.3. Tensile properties

Fig. 5 shows the elastic modulus variation with aspect ratio from
MWCNT reinforced PU samples at 2 wt% and 1 wt% MWCNT
concentration. The Tsai-Halpinmodel was used in order to evaluate
the difference in experimental results and theoretical predictions.
According to theory, the maximum elastic modulus (assuming
uniform distribution and strong interface) is described by

Ec ¼ 3
8
1þ 2ARglV f

1� glV f
þ 5
8
1þ 2gTVf

1� gTVf

� �
Em ð2Þ

in which

gl ¼
Ef =Em � 1

Ef =Em þ 2AR
ð3Þ

and

gT ¼ Ef =Em � 1
Ef =Em þ 2

ð4Þ

where Ec, Em and Ef are the elastic modulus of the composite, matrix
and fibre respectively. The AR is aspect ratio and Vf stands for fibre
volume fraction. The elastic modulus of nanotubes was assumed to
be 200 GPa. This value, which is considerably less than the widely
reported value of 1 TPa, was selected as CVD grown MWCNTs are
far less stiff due to the inevitable presence of relatively large num-
ber of defects, structural disorders (such as knees and twists), and
inclusions (catalyst particles) [53,54]. The comparisons of theoreti-
cal and practical results are also presented in Fig. 5. The results

clearly indicate that the theoretical values are considerably higher
than those that were found experimentally. This difference can be
explained by inability of the processing method to achieve disper-
sions containing individual MWCNTs. The results also indicate that
the difference between theoretical and experimental values
increases with the aspect ratio. However, it is worth mentioning
that our results are in disagreement with Ayatollahi et al., who
reported that with higher aspect ratio the difference between theo-
retical and practical values decreases [6].

Fig. 6 presents the variation in tensile properties and electric
properties with respect to the aspect ratio. Fig. 7, on the other
hand, presents the variation in tensile properties and electric prop-
erties with respect to the MWCNT length. Fig. 6 clearly portrays the
linear variation of tensile modulus with respect to the aspect ratio;
and the zigzag-shaped graph displays the electric properties.
Opposite behaviour can be observed in Fig. 7, where electric prop-
erties are proportional to nanotube length whilst the tensile mod-
ulus follows no clear trend.

Fig. 8 presents the stress strain curve for the 2 wt% samples.
Pure PU has elastic modulus of 2.9 MPa approximately, indicating
its elastomeric nature. Quantitatively, the elastic modulus of 2 wt
% MWCNT nanocomposites is increased by 100% for AR 225/PU,
70% for AR 210/PU and 25% for AR 110 (when compared to pure
PU), suggesting that in this particular case, the aspect ratio corre-
lates with the elastic modulus, not the length. The elastic modulus
appears to be also linearly dependent on the aspect ratio. The
quantitative results of stress-strain analysis is provided in Table 5.
Similar patterns were observed in 1 wt% MWNCT nanocomposites.
Unfortunately, the data for 0.5 wt% MWCNT samples were not sta-
tistically significant.

4.4. Dynamic mechanical analysis (DMA)

DMA was conducted to confirm the findings of tensile testing
and to study the temperature dependent mechanical properties
of nanocomposites. Since the polyurethane used in this study
was an elastomer, DMA was conducted over sub-zero tempera-
tures. Storage modulus curves of samples with 2 wt% MWCNT con-
tent are presented in Fig. 9. All samples containing MWCNTs
showed an increase in storage modulus as a result of the stiffening
effect of MWCNTs and the interfacial interactions between
MWCNTs and matrix [55]. Fig. 10(a and b) presents the variation
of storage modulus with increasing aspect ratio and length, respec-
tively. The pattern in Fig. 10 indicates that the storage modulus,
like the tensile modulus, is also dependent on aspect ratio, con-
firming the finding of the tensile testing.

Fig. 9. Storage modulus as a function of temperature for 2 wt% MWCNT/PU samples
indicating the reinforcement efficiency of MWCNTs with various aspect ratio. The
reinforcing efficiency is clearly higher above Tg of polymer (around �55 �C).

Fig. 10. Variation of storage modulus 20 �C (above Tg) and �75 �C (below Tg) for 2 wt% MWCNT/ PU nanocomposites: (a) With aspect ratio of MWCNTs. (b) With length of
MWCNT. Storage modulus increases with aspect ratio and follows a trend; however, length follows no definite correlating pattern with storage modulus.
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5. Conclusion

In this study, the effect of MWCNTmorphology on electrical and
mechanical properties of PU nanocomposites was studied. We
have shown that longer nanotubes exhibit better electrical conduc-
tivity, and the percolation threshold is dependent on length, not on
the aspect ratio. The MWCNTs in PU matrix with lengths of 8 mm,
5.5 mm, and 2 mm resulted in percolation thresholds of 0.2–0.5 wt
%, 0.6–1 wt%, and 1–1.5 wt% respectively, with minimum resistiv-
ity of 7840 O, 26,200 O, and 78,200 O respectively at a concentra-
tion of 2 wt%. On the other hand, the modulus is found to be
dependent on the aspect ratio, as expected. The tensile modulus
of the samples with 2 wt% MWCNT in a PU matrix with aspect ratio
225, 210, and 110 corresponds to 100%, 70%, the 25% over pure PU,
following a linear increase. A similar pattern was observed in
results obtained by DMA analysis. We suggest that aspect ratio
should not be interpreted as the universal parameter for character-
ization of MWCNTs. Depending on the materials employed it is
possible that the length of the MWCNTs can more appropriately
fit the predicted pattern, rather than their aspect ratio. Our results
are naturally specific to a particular case where two nanotubes
have same aspect ratio but different lengths. Nevertheless, they
provide valuable information regarding the unreliability of the
aspect ratio as an inherent parameter for characterization of
nanocomposites.
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