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Abstract: Halloysite nanotubes (HNTs) are a promising type of naturally occurring fillers for polymers.
We review the recent progress in HNTs characterization, methods of their modification, as well as the
morphology and mechanical properties of polyolefin/HNT nanocomposites. Modified HNTs well dis-
persed in a polyolefin matrix bring an improvement to the mechanical properties of nanocomposites. It
seems that the connection of well-known advantages of polyolefins with unique properties of HNTs may
result in the large-scale utilization of this type nanocomposite.
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Nanorurki haloizytowe jako napelniacze poliolefin

Streszczenie: Artykul stanowi przeglad najnowszej literatury dotyczacej nanokompozytéw poliolefino-
wych napetnianych nanorurkami haloizytowymi (HNT). Oméwiono wptyw dodatku HNT na osnowe
poliolefinowa, ze szczegdlnym uwzglednieniem morfologii oraz wlasciwosci mechanicznych nanokom-
pozytow poliolefina/HNT. Modyfikowane HNT wykazywaty wysoki stopien rozproszenia w osnowie
poliolefinowej, dzigki czemu powodowaly poprawe wtasciwosci mechanicznych poliolefinowych nano-
kompozytow napetnianych nanorurkami haloizytowymi. Potaczenie korzystnych wtasciwosci poliole-
fin, ekonomicznych metod ich przetwoérstwa oraz unikatowych witasciwosci HNT pozwoli na szersze
rozpowszechnienie nanokompozytéw wytworzonych z ich udziatem.

Stowa kluczowe: nanorurki haloizytowe, modyfikacja glinokrzemianéw, nanokompozyty poliolefi-

nowe.

In the last two decades, polymer nanocomposites
based on unmodified or modified mineral nanofillers
(e.g- nanoclays) have attracted a great deal of attention
both in science and industry. A large majority of these
nanocomposites were prepared on the basis of natural
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and synthetic smectites, such as montmorillonite (MMT),
halloysite, hectorite or laponite. Importantly, low nano-
filler content (1—10 wt %) is usually sufficient to achieve
significant enhancement of physical properties or flame
retardancy of nanocomposites [1—6].

Up to now, most polymer nanocomposites with mine-
ral fillers have been based on MMT with platelet struc-
ture. Recently, naturally occurring halloysites with
a unique tubular form, known as halloysite nanotubes
(HNTs), have attracted extensive interest. The cylindrical
shape of the tubes results from a mismatch in the two-la-
yered alignment of the constituent sheets of silica and
alumina. Sometimes, halloysites also form spheroidal
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and plate-like particles due to the variation in crystalliza-
tion conditions and geological occurrence. The molecular
formula of HNTs [Al,Si,O5(OH),nH,0] is similar to kao-
linite. Interestingly, HNTs are morphologically similar to
multiwalled carbon nanotubes (MWCNTSs), which are
technologically demanding to produce in bulk and con-
sequently are very expensive. However, in contrast to the
inert walls of CNTs, the surfaces and edges of HNTs con-
tain hydroxyl groups, providing an opportunity for fur-
ther modification with various organic compounds.
Therefore, the much cheaper, natural and fully ecological
HNTs with unique combination of tubular nanostruc-
ture, rich functionality and high aspect ratio may replace
the more expensive CNTs in high-performance and
multifunctional polymer nanocomposites [7, 8].

HNTs were first described in 1826 by Berthier but ex-
tensive research began in the 1940s [9, 10]. Halloysites are
extensively used in industry for ceramics, cements and
fertilizer products. In the past, they have also been used
to produce the highest-quality china [11, 12]. Nowadays,
halloysites have regained attention due to their unique
structure and new possibilities of applications [13].
A persistent growth of interest in halloysite applications
has been observed, especially in the last 6 years, and the
tendency is expected to last in the future.

Up to now, most publications on polymer/HNT nano-
composites have focused on polar polymers. However,
less studied polyolefin/HNT nanocomposites seem to be
also very important. Polyolefins, such as polyethylene
(PE) or polypropylene (PP) have been for years the most
common group of polymers. Their low price, diversity of
physicochemical properties or universal and economical
technologies of processing result in applications of poly-
olefins in packaging, building, electronic and electric
engineering or household appliances. These applications
require good mechanical and processing properties,
which may be improved by nanofillers.

In this article, we review the recent progress in the
application of HNTs as polyolefin nanofillers. First, the
characteristics of HNTs related with the formation of
polyolefin nanocomposites are summarized. Methods of
functionalization (modification) of HNTs are presented
next and finally, the morphology and chemical structure,
as well as the mechanical properties, of polyolefin/HNT
nanocomposites are described.

CHARACTERISTICS OF HNTs IN RELATION TO THEIR
APPLICATION AS POLYOLEFIN FILLERS

In the last few years, an increasing number of studies
have been focused on the preparation of polyolefin/HNT
nanocomposites and their properties. In 2008, Natural
Nano Inc. announced a pilot — scale production of
PP/HNT composites. In turn, in 2010, Applied Minerals
Inc. reported that their trials on incorporating a non-to-
xic, biodegradable halloysite clay as a drop-in additive
for the reinforcement of polyolefin composites were com-

plete. In April 2014, Sigma-Aldrich signed an agreement
with Applied Minerals to distribute their halloysite (Dra-
gonite™) to researchers worldwide [14].

There are some properties of HNTs that determine
their use as a polymer filler [13, 15]:

— Availability in nature and relatively low price.

HNTs were found widely deposited in soils world-
wide [16, 17]. Three of the most important deposits are lo-
cated in the USA, New Zealand and Poland [18]. This ma-
terial is white in color but sometimes is also slightly red.
The stone-like, raw halloysite is easily ground into pow-
der form. From the industrial point of view, the most im-
portant point is the relatively low price of HNTs, which is
much lower (from 10 to even 500 times) compared with
MWCNTs. Therefore, HNTs may be an interesting alter-
native with significant potential to commercialization,
especially in cost sensitive applications.

— Low content of impurities.

Raw HNTs mined directly from nature contain only
trace concentrations of impurities such as quartz, kao-
linite, alunite, feldspar or metal ions, which may restrict
some applications [19]. To obtain the best results in nano-
composite applications, HNTs are usually purified
through a water dispersion-centrifugation-drying
method [20, 21]. To increase the stability of HNTs in water
and to facilitate the separation of individual tubes, hexa-
metaphosphate is added to the halloysite/water suspen-
sion [22, 23]. An almost pure HNTs deposit has been
found in Utah, USA [24].

— Tubular structure and their reinforcing effect.

HNTs are predominantly tubular (Fig.la) with an
outer diameter of 20—200 nm, inner diameter of
5—70 nm and length of 50—5000 nm [25—27]. In all sam-
ples, the tubular particles are cylindrical and open-ended
with an electron-transparent central lumen [19]. The crys-
talline structure of HNTs (Fig. 1b) is of a two-layer type:
tetrahedral and octahedral sheets, which constitute the
basic structural elements of halloysite. The sheets are
connected together through hydrogen bonding and weak
Van der Waals interactions [28—31]. The external sur-
faces of the tubes have a structure of tetrahedral sheet
and are mainly composed of siloxane groups (Si-O-Si),
whereas the internal surfaces have an octahedral struc-
ture with aluminol moieties (Al-OH) [32—37]. HNTs
have 11—39 % lumen space with empty structures,
14—47 % pore space and average pore size of 78—100 A.
The aspect ratio of HNTs are rather high, typically ca.
10—50. As is known, the higher the aspect ratio, the
better the reinforcing effect observed by optimizing the
load transfer from the matrix to the nanotubes. The elas-
tic modulus of HNTs is 140 GPa (with theoretical values
of 230—340 GPa) [38—40]. BET surface area values of
HNTs are in the range of ca. 75—82 m?/g. The density of
HNTs is relatively low (2.14—2.59 g/cm®) in comparison
with other mineral fillers, which is a very important cha-
racteristic for light-weight polymer composites applica-
tions [13, 19]. As Pasbakhsh described [19] the pore size
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a.)

Fig. 1. a) From halloysite powder to individual nanotubes — SEM and
TEM images of HNTs [25—27], b) crystalline structure of HNTs [30, 31]

distribution of HNTs is broadly bimodal, corresponding
to smaller and larger internal/surface pores, such as
spaces between the sheets or central lumen of HNTs.
Therefore, the surface of HNTs can be filled or coated

Table 1. Assignments of FT-IR vibrations of HNTs

Wavecr;;ll_rlnbers Suggested assignments Reference
3739 Si-OH stretching vibrations 32,33
inner-surface O-H stretching
3620, 3696, 3661 |vibrations and in-phase and 32—-37
out-of-phase stretching vibrations
3566 interlayer water O-H vibration 32
O-H deformation vibrations
1625 in physical adsorbed water 3234
skeleton Si-O stretching vibration
1033 (Si-0-Si, O-5i-O) 32,33,37
913 inner O-H deformation vibrations | 32, 34, 35
Si-O symmetric and perpendicular
794,754, 689 | stretching vibrations or O-H 32,34, 36
(Al-OH) translational vibrations
538 Si-O-Al deformation vibrations
Qs . . 31,33
470, 432 5i-O-5i and Si-O deformation
vibrations
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with polymers or many organic substances, enhancing
the homogeneity of the nanocomposites [13].

The chemical structures of HNTs were studied by
Fourier transform infrared spectroscopy (FI-IR). An
example of a FT-IR spectrum of halloysite and a detailed
characteristic of particular bands of the spectrum is pre-
sented in Fig. 2 and in Table 1.

— Relatively low tube — tube interactions.

HNTs have a limited possibility of creating strong
tube — tube interactions and large — area contacts be-
tween themselves. This results from geometrical and che-

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000 500 | 3780
-
\ Wavenumber (cm )

Fig. 2. FT-IR spectrum of HNTSs [32]
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mical aspects, such as tubular morphologies with rela-
tively high aspect ratio and few hydroxyl groups located
on external surfaces of HNTs. Therefore, the interactions
caused by secondary bonds like H-bonding or Van der
Waals forces between the tubes are relatively weak. Con-
sequently, HNTs can be uniformly dispersed into poly-
mer matrix, which is the crucial factor in obtaining poly-
mer/HNT nanocomposites with better properties com-
pared to unfilled polymers. For comparison, strong in-
trinsic Van der Waals attractions are observed between
CNTs, making their dispersion in polymers a challenging
task [41].

— Relatively low hydrophilicity.

In contrast to other nanoclays, the multi-layer, tubular
structure of HNTs are connected with their relatively weak
hydrophilic character. Most hydroxyl groups (Al-OH) are
located inside the tubes, whereas only a few hydroxyl
groups (Al-OH and Si-OH) were found on the edges of
external surfaces of the tubes (Fig. 1b) [42, 43]. Therefore,
HNTs should be readily dispersed into non-polar polyole-
fin matrices. However, sometimes the weak hydrophilic
character of HNTs is insufficient for proper interactions
with strong, non-polar polymer chains. In that case, the
functionalization processes of HNTs with different organic
and inorganic compounds are used.

— Negatively charged surfaces.

Two types of charges exist on the surfaces of HNTs.
The first is the permanent negative charge on the silicon
tetrahedral sheets, resulting from minor isomorphic sub-
stitutions in the tetrahedral sheets. The second is the va-
riable charge caused by protonation or deprotonation of
the edge hydroxyl groups. The variable charge is affected
by three types of hydroxyl groups: the more reactive sila-
nol (Si-OH) and aluminol (Al-OH) groups on the tube
edges and the less reactive AI-OH groups at the interlayer
surface. The sign of the charge depends on the pH and
charges develop on these hydroxyl groups by direct H" or
OH’ transfer from aqueous solution, further causing
charge heterogeneity. The surface charge has a great sig-
nificance during modification processess. Long organic
chains of modifying compound with positively charged
ends, e.g. alkylammonium salts with long aliphatic
chains can be tethered to the negatively charged surfaces
either on interlayer surfaces or more frequently on the
edges or external surfaces of HNTs. Consequently, the
surface charge facilitates the polymer chains to diffuse
between, or into, HNTs [13].

— Electrophilic character.

HNTs are electrophilic. The electron acceptor sites are
the aluminum species at the crystal edges and the transi-
tion metals of higher valences in the silicate layers. These
properties of HNTs can be used to enhance the interfacial
interactions in polymer nanocomposites [23].

— Thermal and chemical resistance.

An important advantage of HNTs is their high resis-
tance to heat and chemical substances. The thermal resis-
tance of halloysite reaches 600 °C, which means that

HNTs are suitable for almost all polymers, even with
high processing temperatures. Cheng [44] and Frost [45]
showed, with TGA and DTA analysis, that the decompo-
sition process of HNTs takes place in three main stages:
1) release of water adsorbed on halloysite particles
(50—240 °C), 2) structural decomposition of halloysite
(480—640 °C) with dehydroxylation of structural alumi-
nol (Al-OH) groups inside and on the edges of halloysite
tubes, 3) formation of amorphous SiO, and y-Al,O;
(around 990 °C) or thermal decomposition of impurities.

— Fire retardant properties.

HNTs are a promising additive for improving the
thermal stability and flame retardancy of polyolefins and
other polymers. The improvement of thermal stability
and flame retardancy resulted from the barrier properties
of HNTs combined with an encapsulation process of the
polymer’s degradation products inside the HNT lumens
[46]. Detailed information about the thermal stability and
flame retardancy of polyolefin/HNT nanocomposites
will be described in our following paper.

The advantages of HNTs presented above make them
promising reinforcing fillers for polyolefins. What is im-
portant, due to their structure and chemical character,
HNTs can be more easily dispersed into polyolefin matri-
ces in comparison with other nanofillers, such as MMT.
This is a crucial factor for obtaining nanocomposites with
better mechanical properties, higher thermal stability
and reduced flammability. However, due to the great
polarity discrepancy between HNTs and non-polar poly-
olefins and thus a low compatibilization degree due to
a weak, but still existing, tendency of HNTs to agglomer-
ate, the synthesis of homogeneous nanocomposites is still
a challenging task. Therefore, below we discuss different
solutions of the optimization of the homogeneity by
strengthening interfacial interactions and dispersion of
nanotubes in polyolefin/HNT nanocomposites.

METHODS OF HOMOGENEITY IMPROVEMENT
IN POLYOLEFIN/HNT NANOCOMPOSITES

Functionalization of HNTs

One of the most commonly used ways to obtain the
proper dispersion of HNTs in a polyolefin matrix is the
functionalization (modification) of HNTs by different
organic compounds. The chemical formulas of the main
compounds used for covalent and non-covalent functio-
nalization of HNTs are compiled in Table 2. Due to en-
hanced homogeneity, the polyolefin nanocomposites
based on modified HNTs usually exhibit improved me-
chanical and thermal properties compared to the same
composites with unmodified HNTs [13]. Changes in the
degree of HNT dispersion and their interfacial interac-
tions with polyolefin chains caused by HNT modification
were usually determined with scanning and transmis-
sion electron microscopy (SEM, TEM), X-ray diffraction
(XRD) or FT-IR methods.
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Table 2. Main directions of HNTs functionalization for polyolefin/HNT composites

Substance Functionalization process Ref.
Covalent functionalization
Aminopropyltrimethoxysilane (APTMS) O—CHs
Hac—o—éim 47,54, 55
| NHz
O——CHs
y-Methacryloxypropyl trimethoxysilane (MPS) OCHs 0 Silane coupling
H3CO- SIMO&CHQ solvent: toluene or ethanol 52
OCHj CH conditions: 100 °C, 24 h
3
(2-Aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS)
OCHs N 49
HsCO=Si—""""~""NH,
OCH;

Non-covalent functionalization

Methyl, tallow, bis 2-hydroxyethyl,
quaternary ammonium salt (n = 14—18)

CH;— N'—(CH;),CH;

CH,CH,0H

Electrostatic attraction interactions
solvent: 5 % K,CO; 56

| cl conditions: 80 °C, 24 h
CH,CH,0H
Hexadecyl-trimethyl-ammonium bromide (HEDA) B . L .
r Electrostatic attraction interactions 55
\N{WW\ conditions: 80 °C, 24 h without solvent
Ve
K-acetate + ethylene glycol + n-hexylamine
O Intercalation
P T L NH conditions: 20—150 °C, 4—48 h
HO 2
HsC~ ~OK
Urea fo) .
Intercalation 55
HoN NH. mixing in laboratory planetary mill
2,5 bis(2 benzoxazolyl) thlophene (BBT)
Co¢4$0 :
- - Electron transfer intercalation
N-cyclohexyl-2-benzothiazole sulfonamide (CBS) . .
N vigorous blending
@\m@ :
S
2,2,-(1,2-ethenediyldi-4,1-phenylene) bisbenzoxazole (EFB) 59
Melamine (MEL), Melamine cyanuric acid (MCA)
Diphenyl guanine (DPG) Hydrogen bonding
2,4,6-Trimercapto-s-triazine (TCY) added with HNTs during the 21

Tri-(2-hydroxyethyl) isocyanurate (THEIC)
Beta-cyclodextrin (beta-CD)

polyolefin/HNTSs processing

Covalent functionalization

The hydroxyl groups located on the inner surfaces
and on the edges of HNTs provide reactive sites for the
covalent attaching of chemical species. The siloxane
groups (Si-O-5i) of HNTs are regarded as nonreactive.
Usually, modification of internal surfaces of HNTs is rele-

vant for immobilization and controlled release applica-
tions, while modification of the external surfaces and
edges is beneficial for nanocomposite formation.

The main advantage of covalent functionalization is
the reduction of hydrophilicity of HNT surfaces by
shielding their hydroxyl groups through the incorpora-
tion of new functional groups (usually hydrocarbons)
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Fig. 3. Grafting reaction scheme between HNTs and organosilane proposed by: a) Barrientoz-Ramirez [49], b) Yuan [34]

[13]. The most common method is silane grafting via the
condensation of hydrolyzed silanes and external hydro-
xyl groups of HNTs. The process of modifying HNTs is
usually carried out in toluene or ethanol at 100 °C for
24 h. Before grafting, halloysite is often thermally treated
at 400 °C for 2 h [47, 48]. The mechanism of silane
(AEAPTMS and APTMS) grafting on the HNTs surfaces
proposed by Barrientos-Ramirez [49] and Yuan [34] is
presented in Fig. 3. The authors stated that the amino
groups may catalyze the reaction between methoxy
groups of silane and OH groups (Si-OH or Al-OH) of
HNTs [50]. Besides, hydrogen bonding between amino
groups of the aminosilane and the Si-OH groups of HNTs
might occur. In the FT-IR spectrum of functionalized
HNTs, beside the absorption bands of raw HNTs, absorp-
tion of functional groups of aminosilane at 3485 and
3350 cm™ (N-H, stretching), 2938 and 2842 cm™ (N-H
stretching and symmetric C-H, stretching), 1654 cm™
(N-H bending), 1556 cm™ (N-H, scissoring), as well as
1466 cm™ (C-H, scissoring), 1385 cm™ (C-H, wagging)
and 1329 cm™ (Si-CH scissoring) and 1195 cm™ (C-N
stretching) were observed. On the basis of XRD analysis
the authors proved no modification of basal spacing of
HNTs. Thus the aminosilanes did not intercalate between
HNT layers and remained on the surfaces. The authors
believed that most interlayer located Al-OH groups of
HNTs are unavailable for grafting because they are
blocked by the strong hydrogen bonds between layers.
As a consequence, grafting took place just on the outer
Si-OH groups. Yuan [34] founded that modification of
HNTs by APTMS included not only the direct grafting of
APTMS onto the OH groups of HNTs, but also oligomeri-
zation of APTMS. In this process, the hydrolyzed APTMS
molecules condensed among themselves and with al-
ready grafted APTMS to form a cross-linked structure
(Fig. 3b). The authors believed that thermal pretreatment
of HNTs plays an important role in the mechanism of
grafting. Direct grafting occurs for HNTs thermally
treated at 400 °C, whereas both direct grafting and cross-
-linked structure formation occur without the pretreat-
ment of HNTs. Moreover, a devolatilization can dramati-
cally enhance the loading of hydrolyzed APTMS into the
lumens of HNTs and increase the grafting yield. Silane
grafting can also be used as an additional pretreatment

before further modifications of HNTs. For example, Joo
[51] prepared HNTs-COOH by mixing the aminosilane
grafted HNTs with succinic acid anhydride in dimethyl
formamide.

Du [52] showed that after functionalization with
organosilane (MPS), HNTs were dispersed more uni-
formly in the PP matrix. Without modification, HNTs
formed some aggregates in the PP matrix. Furthermore,
many cavities and sharp interfaces, which were found on
the fracture surfaces of PP/unmodified HNTs compo-
sites, are reduced in composites with modified HNTs. It
is clearly proved that surface modification of HNTs with
organosilane significantly improves the interfacial inter-
action of HNTs with PP chains. In the next paper, Du [53]
described that, after functionalization by APTMS, an
even higher content (30 wt %) of HNTs can be well dis-
persed in PP matrix. In turn, Pal [54] observed indivi-
dually dispersed HNTs in COC (cycloolefin copolymer)
matrix after two-step functionalization of HNTs with
APTMS and then PE-g-MA (polyethylene grafted with
maleic anhydride), whereas raw HNTs formed agglome-
rates in the matrix. The probable mechanism of HNT —
APTMS interactions with PE-g-MA and COC are pre-
sented in Fig. 4. After the modifications, HNTs adopt
a chain containing an ethylene moiety that can physically
interact by chain entanglement at the interface with the
ethylene part of the COC.

XRD results (Fig. 5) confirmed a good dispersion of
HNTs, as well as interfacial interactions, in COC/modi-

coc

Fig. 4. Mechanism of interactions between two-step modified
HNTs and COC matrix [54]
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Fig. 5. XRD patterns of: a) pure COC, b) COC/unmodified HNTs,

¢) COC/modified HNTs [54]

fied HNTs nanocomposite. Partial intercalation of modi-
fied HNTs by COC chains, leading to the dispersion of
modified HNTs all over the COC matrix, was clearly
seen.

Non-covalent functionalization

The relatively low content of hydroxyl groups on
HNT surfaces limits the number of reactive sites for cova-
lent bonding and hence covalent functionalization may
be unsatisfactory in some cases and then non-covalent
functionalization might be a better modification strategy.

Du [21], for the case of PP/HNTs and PE-HD/HNT
nanocomposites, believed that a proton donor or accep-
tor (Table 2), including MEL, MCA, DPG, TCY, THEIC,
beta-CD, added simultaneously with HNTs to the poly-
olefin matrix during processing can interact with HNTs
via hydrogen bonding (HB) and then bridging HNTs
with the polymer matrix [21]. HB formation was studied
with FT-IR analysis. Si-O and N-H (1030, 1007 cm™ and

a)

. LLDFE-uHNT-8
— Al T LLOPE-uHNT-4
| _ LLOPE-4HNT-1
. LLOPEHNT-A

i . LLDPEAHNT-
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I
1
1
|
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20 7]

1653, 1553 cm™, respectively) absorptions on HNT/MEL
spectrum proved the formation of HB between Si-OH
groups of HNTs and NH, groups of MEL.

HNTs can also intercalate with organic compounds
through an ion exchange reaction, which was described
by Joussein [16]. However, as Pasbakhsh showed [19], the
parameter determining the ionic exchange capability —
cation exchange capacity (CEC) value — is very low for
HNTs (around 2 meq/100 g); for comparison, the CEC of
montmorillonite usually averages around 150 meq/100 g.
Generally, HNTs did not need to be intercalated because
of their tubular microstructure and relatively good dis-
persion in polar polymers. However, there are a few
works [55—58] focused on the intercalation of HNTs in
order to obtain better dispersion into polyolefin matrix
(table 2). Pedrazzoli [57] proved that HNTs can be finely
dispersed within a PE-LLD matrix after HNTs intercala-
tion with K-acetate, ethylene glycol and N-hexylamine
mixture. In XRD patterns of PE-LLD nanocomposites
(Fig. 6a), they observed the characteristic peaks of HNTs
(26 = 20.4° and 24.7°), whose intensity slightly increases
with increasing HNTs content (1—8 wt %). These peaks
may confirm the presence of structures with limited
intercalation and can be attributed to the formation of
nanocomposites. In FT-IR spectra (Fig. 6b), the characte-
ristic peaks of HNTs, as well as modifying compounds
(ca. 1500 and 1300 cm’!, attributed to the C=O and CH, vi-
brations, respectively), were observed. In turn, in spectra
of PE-LLD/unmodified HNTs, the HNT characteristic
peaks are almost invisible, indicating a low degree of che-
mical interaction in this composite. Similar results were
also obtained for urea-intercalated PP/HNTs nanocom-
posites by Khunova [55]. Moreover, Ning [56] obtained
a good dispersion of HNTs (1—10 wt %) in a PP matrix
after intercalation of HNTs with a quaternary ammonium
salt. SEM images showed that the interface of PP/modi-
fied HNTs was smoother and no obvious cavities were
seen, suggesting a good interfacial interaction.

The occurrence of several metal atoms (aluminum,
iron, transition metals with unoccupied orbitals) on HNT

b)
LLGPE
O DPEsanT - 1 —f
T N A Ly ("
pil =l | L e (P
LLDPESHNTA W . “f )
i ik N iy Laanre
la |
=
— Bt
= !

20 |

- L L T g T — —— 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [om’’]

Fig. 6. a) XRD patterns, b) FT-IR spectra of PE-LLD and its nanocomposites with modified (tHNT) and unmodified HNT (uHNT) [57]
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Fig. 7. SEM of the fractured surface of PP/HNTs (30 wt %)/BBT
nanocomposites: a) PP/HNTs, b) PP/HNTs/BBT (3 wt %),
¢) PP/HNTs/BBT (10 wt %), d) PP/BBT (10 wt %) [23]

surfaces offers numerous opportunities for improving
the interfacial adhesion between HNTs and polyolefin
chains via electron transfer interactions [13]. Liu proved
that electron-transferring modifiers, such as BBT [23],
EFB [59] or CBS [60] also contributed to the uniform dis-
persion of HNTs in PP matrices through interactions with
HNTs. Interestingly, apart from the nanotubes, some fi-
brils were also observed in PP/HNT/BBT or PP/HNT/CBS
nanocomposites. As HNTs could not be aligned into such
continuous fibrils, the authors attributed their formation
to the organization of BBT molecules. SEM images indi-
cated (Fig. 7) that in the absence of HNTs, BBT itself could
not be organized into fibrils. Moreover, DSC results
showed a significant increase of PP/HNTs nanocompo-
sites crystallinity after incorporating BBT, which was
connected with the growth of PP crystals along the fibrils.

The number of patents or patent applications focus-
ing on modification methods of HNTs is relatively low.
In one patent [61], the authors claimed the method of
HNT modifications with balmy rosin and balmy rosin
esters or glycidol methacrylate. HNTs were mixed
with modifying agent in acetone, in the presence of
benzoyl peroxide, at the temp. of 70 °C under reflux,
and then used as a reinforcing agent for PP. In another
patent application [62], the method of thermal or ultra-
sound modifications of HNTs were described as a suf-
ficient method of improving thermal stability and me-
chanical properties of PP/HNTs composites. A U.S.
patent [63] described a method of modifying HNTs
with functionalized block copolymer for improving
compatibility with thermoplastic or thermoset poly-
mers. In another U.S. patent [64], it was demonstrated
that HNTs modified with benzalconium chloride con-
tribute to the improvement of the mechanical proper-
ties of PA 6 and thermal stability of PP.

Other methods of homogeneity improvement
in polyolefin/HNT nanocomposites

In some cases, functionalization of HNTs can be insuf-
ficient to obtain a high degree of HNT dispersion in poly-
olefin matrix. Therefore, considerable attention has been
focused on the improvement of HNT dispersion by con-
nection of HNT functionalization with a compatibilizer
addition and/or specific processing methods. Lecouvet
[65] obtained nanocomposites of PP/unmodified HNTs
(8—16 wt %) with well-dispersed nanotubes by the addi-
tion of compatibilizer (PP-g-MA) with water-assisted ex-
trusion (Fig. 8). In PP/HNT composites prepared with the
use of compatibilizer but by simple extrusion, huge

S e

Fig. 8. TEM images of single extruded: a) PP/HNTs (8 wt %),
b) PP/PP-g-MA/HNTs and water-assisted extruded composites,
o) PP/HNTs, d) PP/PP-g-MA/HNTs [65]

aggregates of HNTs, with only a few individual nano-
tubes in SEM and TEM images, were observed. Also, se-
parate use of a compatibilizer or water-assisted extrusion
process was insufficient. It was concluded that water in-
jected into the extruder high compression zone remains
liquid and promotes an even HNT distribution. Besides,
the anhydride groups in PP-¢g-MA are hydrolyzed to
carboxylic diacid by water and may form interfacial
hydrogen bonding with siloxane (Si-O) and aluminol
(Al-O) groups of HNTs. In one paper [66], Lecouvet ob-
served individually dispersed HNTs (0.5—3 wt %) in
a PP/IFR (intumescent flame retardant) system obtained
through dilution of masterbatch of PP/HNTSs (8 wt %) ex-
truded in the presence of water with neat PP and IFR.
Moreover, Zhao [67] observed that HNTs (0.5—3.0 wt %)
were also well dispersed in a PE-LD/IFR system after pro-
cessing all compounds together in a two-step process first
with high-speed mixer and then with twin-screw extru-
der.
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Fig. 9. SEM and TEM images of: a) PP/6 wt % unmodified HNTs,
b) PP/6 wt % modified HNTs nanocomposites; A — aggregates of
nanotubes [68]

Wang [22] studied the effects of water-assisted injec-
tion molding (WAIM) or compression molding (CM)
on the orientation of HNTs in PP/unmodified HNT
(2—8 wt %) nanocomposites. As the authors expected,
samples prepared by the WAIM method showed a high
orientation of HNTs in the flow direction due to shear
flow across the mold cavity during the high-pressure wa-
ter penetration. In turn, in the case of CM nanocompo-
sites, randomly orientated, well dispersed nanotubes
were observed as a result of the very low shear rate in the
process.

A homogeneous dispersion of HNTs in PP matrices
was also obtained by the masterbatch dilution method.
Prashantha [68] diluted PP masterbatches containing
unmodified and quaternary ammonium salt modified
HNTs. In opposition to nanocomposites with unmodified
HNTs (Fig. 9a), well-dispersed HNTs were observed in
PP/modified HNT nanocomposites (Fig. 9b). The authors
explained that quaternary ammonium salt functional
groups present on the HNTs surfaces decreased their sur-
face free energy and hindered nanotube/nanotube inter-
actions. The effects finally facilitate the breakup of aggre-
gates during the extrusion process and improve the inter-
facial interactions between HNTs and the PP matrix.

Recently, Lin [69] confirmed that the addition of
unmodified HNTs and compatibilizer (SEBS-g-MA —
maleic anhydride grafted styrene — ethylene — butylene
— styrene block copolymer) is an effective way to im-
prove interfacial adhesion in PP/PET blends. However,
HNTs were well dispersed only in the blend prepared
as a two-step process, i.e. first mixing HNTs with
SEBS-g-MA and then extruding with PP/PET blend.
Moreover, HNTs were selectively dispersed in PP/PET/
SEBS-g-MA/HNT blends and part of the HNT, together
with SEBS-¢g-MA, form a “coat” on the PET phase, resem-
bling an encapsulation structure (Fig. 10).
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Fig. 10. Schematic representation of encapsulation model in

PP/POM/SEBS-g-MAH/HNTs blend (blue layer is SEBS-g-MA)
[69]

It can be concluded that the driving forces for the
homogeneous dispersion of HNTs in polyolefin matrices
are interfacial interactions and high shear forces during
melt mixing. Use of a twin-screw extruder (rarely inter-
nal mixer) is the most common and industrially favored
method of polyolefin/HNT nanocomposite preparation.
Several strategies for the improvement of HNT disper-
sion in polyolefin matrix, including functionaliztion of
HNTs with different organic compounds and/or compa-
tibilizer addition, or masterbatch dilution, as well as wa-
ter-assisted extrusion techniques have been proposed.

MECHANICAL PROPERTIES OF POLYOLEFIN/HNT
NANOCOMPOSITES

Jia [70] observed a significant improvement of tensile
strength, flexural strength and flexural modulus of
PE-LLD (LLD-PE) even after the addition ca. 40 wt % of
HNTs. Further improvement of the mechanical proper-
ties was obtained by the addition of 5 wt % of a compati-
bilizer, in this case PE-LLD grafted with maleic anhy-
dride, methyl methacrylate and butyl acrylate. The au-
thors explained that anhydride and ester groups present
in the compatibilizer can form both intermolecular hy-
drogen bonds with OH groups and dipole-dipole inter-
actions with Si-O groups of HNTs. Simultaneously, the
compatibilizer can strengthen the interfacial bonding be-
tween PE-LLD and HNTs and facilitate the dispersion of
HNTs in PE-LLD matrix. Moreover, poly(butyl acrylate)
segments of the compatibilizer can also improve the
toughness of the nanocomposites. Du [52, 53] obtained
remarkable mechanical properties of PP/HNTs nanocom-
posites containing 30 wt % of HNTs. The tensile strength,
Young modulus, flexural modulus and flexural strength
increased gradually with higher HNT contents. The best
properties were observed for nanocomposites with orga-
nosilane modified HNTs. In turn, elongation at break of
the nanocomposites, especially with 15 and 30 wt % of
HNT load, significantly decreased compared to neat PP
(from about 350 % to 100 % of elongation value). How-
ever, comparatively, elongation at break of PP/MMT
(15 wt %) nanocomposites is not higher than 50 % [71, 72].
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Prashantha also proved the best reinforcement potential
of HNTs as compared to MMT and CNTs. The authors ex-
plained that CNTs and MMT have a stronger tendency to
form agglomerates, which act as crack initiation sites and
lead to sudden failure of the material. Therefore, HNTs
seem to be a more favorable filler of polyolefin matrices
than MMT and CNTs.

Pedrazzoli [57] observed that HNTs modified by
amixture of K-acetate, ethylene glycol and N-hexylamine
are responsible for a significant increase (about 94 %) of
the elastic modulus in comparison with PE-LLD matrix.
Moreover, in PE-LLD/modified HNT nanocomposites,
the stiffening effect of HN'Ts up to 8 wt % of HNT content
only slightly reduces PE-LLD ductility. In that case, the
yield stress of the composite was slightly higher com-
pared with neat PE-LLD, whereas the stress and elonga-
tion at break moderately decrease with increasing the
HNT content.

The toughening mechanism of HNTs during fracture
of nanocomposites was assessed through the essential
work of fracture (EWF) method under specific tensile
conditions [57]. The total fracture energy can be por-
tioned into an essential work required to create new frac-
ture surfaces and nonessential work dissipated by the
plastic deformation of the outer plastic zone. The force-
-displacement curves and SEM images (Fig. 11a) ob-
tained during EWF testing showed that, after yielding,
the specimens of PE-LLD/unmodified HNTs cracked
abruptly without a stable propagation phase, whereas
PE-LLD/modified HNTs specimens exhibited ductile
fracture. The two-fold increase of fracture toughness (ex-
pressed as EWF value) in PE-LLD/8 wt % modified HNTs
nanocomposite the authors assigned to the reinforcing ef-
fect of modified HNTs. Conversely, the reinforcing effect
of unmodified HNTs is predominated by loss in ductility,
which is in accordance with the results of quasi-static ten-
sile tests (Fig. 11b).

On the other hand, Knuhova [55] did not observe any
improvement in tensile strength and tensile modulus of
PP/5 wt % HNT nanocomposites, even after intercalation
of HNTs by urea. One reason of this might be identical
d-spacings of urea-intercalated HNTs and PP/urea-inter-
calated HNT nanocomposites, leading to restricted inter-
calation of PP chains in the HNTs structure. The authors
believed that urea modification of HNTs led to an in-
crease in HNT hydrophilicity and caused a low affinity to
the hydrophobic PP matrix. After modification of HNTs
by quaternary ammonium salt or organosilane, the au-
thors obtained similar results. Moreover, in a U.S. patent
[64], it was demonstrated that HNTs modified by quater-
nary ammonium salt did not improve the mechanical
properties of PP and thus the mechanical properties of
composites were similar to the neat PP, even after using
PP-g-MA as a compatibilizer. As Ning [56] stated, this can
result from decreased or unchanged crystallinity of PP in
PP/HNT nanocomposites in comparison to neat PP. It is
well known that only an increased crystallinity of poly-
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Fig. 11. a) The force-displacement curves, b) serial photographs
of: A) PE-LLD-tHNT-8, B) PE-LLD-uHNT-8 specimens during the
EWEF tests at different times (tHNTs — modified HNTs, uHNTs —
unmodified HNTs) [57]

mer can contribute to the improvement of mechanical
properties of polymer composites.

Therefore, to obtain more favorable mechanical pro-
perties, modification of both HNTs and PP matrix was
applied. Knuhova [55], beside modifications of HNTs,
also simultaneously modified the PP matrix with DBMI
(4,4’ -diphenylmethylene dimaleinimide). As a result, sig-
nificant increases in tensile strength and tensile modulus
of PP/DBMI/HNT nanocomposites were observed. The
best results were for PP/DBMI/urea-intercalated HNT
nanocomposites probably due to the coupling effect of
urea between the HNTs and PP via reaction between the
OH groups of HNTs and imide ring of DBMI.

The enhanced mechanical properties of polyole-
fin/HNT nanocomposites were also achieved by using
different proton donors as special modifiers of HNTs
and/or polyolefin matrix, which can interact either with
HNTs or both HNTs and polyolefin matrix. Du [21] stated
that proton donors, such as MEL or MCA (Table 2) im-
prove the tensile strength and flexural properties of
PP/HNTs and PE-HD/HNT nanocomposites via hydro-
gen bonding bridging of HNTs in the polyolefin matrix.
This effect was observed even at 1 wt % addition of pro-
ton donor and with high loading of HNTs, ca. 30 wt %.
This probably results from transferring of loaded stress
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by bridged HNT structures. However, these structures
can restrict the mobility of polyolefin chains, leading
a higher rigidity and reduced impact strength to the
nanocomposites. On the other hand, Liu [23] obtained
similar results after using BBT as a transfer electron mo-
difier. Interestingly, the positive reinforcing effect of BBT
was attributed to the formation of BBT fibrils in the
PP/HNT nanocomposites (Fig. 8). Authors explained that
the presence of the fibrils leads to significant improve-
ment of PP crystallinity and consequently the tensile and
flexural properties of the nanocomposites increased. In
that case, the decrease of impact strength was assigned to
the presence of a PP transcrystalline layer on the BBT fi-
bril surface with high rigidity and lower deformability.
Slightly better results were obtained by Liu [59] in the
way of modification of both HNTs and PP matrix with
CBS (see Table 2) — an accelerator popular in the rubber
industry. In this case, CBS reacted both with the PP matrix
through a grafting reaction and with HNTs via an elec-
tron transferring mechanism, leading to the intensifica-
tion of interfacial bonding in PP/HNT systems. A slight
decrease of tensile strength and flexural modulus above
7 wt % content of CBS in nanocomposites correlated with
the presence of stress concentration points, i.e. HNT
aggregates and CBS fibrils.

In a Polish Patent Application [62], thermally treated
HNT (1—10 wt %)/PP nanocomposites with an elastic
modulus ca. 80 % higher in comparison to unfilled PP and
PP/unmodified HNT composites were presented. In an-
other application [61], the authors noted that composites
with 3 wt % HNTs modified by balmy rosin and balmy
rosin esters or glycidol methacrylate showed nearly a
400 % increase in Charpy impact strength value, 2-fold
increase in tensile strength and 15—30 % increase in fle-
xural elasticity modulus in relation to unfilled PP.

Moreover, beside single polyolefin systems, HNTs are
also used in blends of polyolefins with other polymers.
Lin [69] stated that the formation of an unique morpho-
logy with encapsulation structure (Fig. 10) during
two-step processing of PP/PET/SEBS-¢g-MAH/HNTSs
blend was crucial for substantial improvement of the me-
chanical performance of PP/PET blends. HNTs selec-
tively dispersed at the interphase improve the capability
of stress transfer from the PP to PET phase thus reinforc-
ing the PP/PET interphase. As a consequence, remark-
ably higher flexural and tensile properties of the blends
were observed. Moreover, introduction of higher
amounts of HNTs (from 0.5 to 10.0 wt %) led to better pro-
perties. Pal [47] suggested that HNTs modified with
organosilane play a double role in polar-nonpolar
PP/POM blend: as a reinforcing (filler) and bridging
agent (compatibilizer). Therefore, the tensile properties
of the PP/POM/modified HNTs were higher than the
PP/POM and PP/POM/unmodified HNTs.

HNTs were also used as reinforcing agent of intumes-
cent flame retardant (IFR) systems for polyolefins. Zhao
[73] found that not only flame retardancy, but also the

tensile properties of PE-LD/IFR composites can be pro-
moted by the addition of a small amount of HNTs. The
authors observed that both tensile strength and elonga-
tion at break of PE-LD/IFR systems were increased com-
pared with neat PE-LD with the presence of 0.5—2.0 wt %
of HNTs. They believed that it mainly resulted from
a good dispersion of HNTs in the PE-LD/IFR composite.

The results of tensile properties are usually confirmed
by dynamic mechanical properties. It is generally be-
lieved that well-dispersed HNTs can effectively restrict
the motion and relaxation of polymer chains thus re-
markably enhancing stiffness and load bearing capabi-
lity, as well as the glass transition temperature of the ma-
terial. Many authors proved the improvement of dy-
namic mechanical properties of polyolefin/HNT nano-
composites in comparison with neat polyolefin. Pedraz-
zoli [57] described a significant improvement of creep
stability and storage modulus, as well as glass transition
temperature (T,), of PE-LLD after the introduction of
HNTs (1—8 wt %), especially modified HNTs. Similar re-
sults for storage modulus (E‘) were also obtained by Pal
[54] in the case of COC/1 wt % HNT nanocomposites,
where HNTs were modified with APTMS. In turn,
Prashantha [68] obtained an increase of E’ and T, values
for PP/HNT nanocomposites prepared by the master-
batch dilution method. As in previous examples, the best
results exhibited nanocomposites with modified HNT.

It was demonstrated that incorporation of HNTs into
polyolefin matrix usually leads to a significant improve-
ment of the mechanical properties of polyolefin/HNT
nanocomposites compared with neat polyolefin. The
reinforcing effect of HNTs in polyolefin matrix was attri-
buted to such main factors, as: 1) high intrinsic stiffness of
nanotubular structure, as well as high aspect ratio, of
HNTs, 2) strong interfacial interactions between HNTs
and polyolefin matrix, 3) good dispersion of uniformly
orientated HNTs along the stretching direction, acting as
a “skeleton” bearing stress and fracture energy, 4) nu-
cleating effect of HNTs leading to improved mechanical
properties of the polyolefin matrix, such as PP by higher
crystallinity and lower spherulite size.

These factors are mainly assigned to the nanocom-
posites with functionalized HNTs or containing a compati-
bilizer. It was also suggested that functionalized HNTs can
play a double role in polyolefin blends with polar poly-
mers, either as a reinforcing or compatibilizing agent. The
increase of strength and modulus during tensile and flexu-
ral, as well as bending tests, were mainly observed. More-
over, the higher crystallinity of polyolefins after HNT in-
corporation resulted in higher modulus and strength of
polyolefin/HNT nanocomposites. However, a higher rigi-
dity often led to lower deformability, thus elongation at
break and impact strength were slightly decreased. In
nanocomposites without any functionalization, insuffi-
cient interfacial interactions and worse dispersion of HNTs
were observed, leading to unchanging or even decreasing
mechanical properties in comparison with neat polymer.
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CONCLUSIONS

It can be concluded that HNTs are promising rein-
forcing fillers of polyolefins and their blends with
other polymers. The number of publications concern-
ing the functional properties of polyolefin/HNT nano-
composites is still growing. The properties result from
a unique combination of tubular structure, large as-
pect ratio, high mechanical strength and rich functio-
nality of HNTs. It is important that naturally occurring
HNTs are of a “green” type of material, free from
harmful substances. Natural HNTs can be a much
cheaper substitute for synthetic CNTs in high-perfor-
mance and multifunctional polymer nanocomposite
applications. HNTs exhibit a low tendency to agglome-
ration and weak hydrophilic character, which leads to
good dispersion in the polyolefin matrix. Incorpora-
tion of HNTs into the polyolefin matrix provided a
better reinforcement effect than it was observed in the
case of MMT or even CNTs.

Critical factors determining the mechanical properties
of polyolefin/HNT nanocomposites are a high dispersion
of nanotubes and strong interfacial interaction between
HNT surface and polyolefin chains. The concentration of
HNTs is also an important factor, although in some cases
both low and high content of HNTs led to satisfactory
results. Nevertheless, only functionalization of HNTs
and/or a compatibilizer addition gave the opportunity to
perform these requirements. Therefore, a great potential
lies in the functionalization of HNTs, as it may provide
an enhancement of the functional properties of polyole-
fin/HNT nanocomposites.

Reinforced polyolefin nanocomposites with HNTs
have many potential applications, including packaging,
building materials, as well as insulating enclosures or
household equipment. Therefore, it seems that the con-
nection of polyolefins’ diversified physicochemical pro-
perties, economic processing, as well as low price with
unique properties of HNTs, may result in large-scale uti-
lization of polyolefin/HNT nanocomposites. The most
important limitation is still the insufficient adhesion
between HNTs and non-polar polyolefins, demanding
expensive modification processes.

Katarzyna Szpilska is a recipient of a Ph.D. scholarship under
a project funded by the European Social Fund.
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