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Abstract

Nanocomposite based on high density polyethylene (HDPE) and layered zirconium phosphate organically modified 
with octadecylamine (ZrPOct) was obtained through melt processing. The ZrPOct was synthesized by precipitation and 
modified by suspension and sonication procedures. The initial and maximum degradation temperatures (Tonset and Tmax) 
were increased. A slight decrease of crystallinity degree was detected. Reduction of elastic modulus and elongation at 
break were noticed. The lamellar spacing was increased (3.3 times higher). The storage modulus decreased and low field 
nuclear magnetic resonance (LFNMR) revealed an increasing of molecular mobility. The presence of octadecylamine 
enhanced the entrance of HDPE in the ZrPOct galleries. Several characteristics of HDPE were changed indicating that 
intercalation was successful. All results indicated that partially intercalated and/or exfoliated nanocomposite was achieved.

Keywords: nanocomposite, HDPE, layered zirconium phosphate.

1. Introduction

Over the past two decades great advances in nanotechnology 
emerged, which is considered a promissing technology of 
the 21st century. Great potential for innovations that increase 
the economic prosperity and sustainable development are 
expected[1,2]. Recent study indicates that nanocomposites 
occur naturally through synergistic effect as found in 
nacre (the outer layer of pearls) consisted of proteins, 
polysaccharides and nanometric layers of calcium carbonate 
(CaCO3). To produce advanced materials, researchers are 
investigating and trying to adjust natural composites to their 
level of structural control and properties[3]. The addition of 
fillers enhances mechanical, thermal and barrier properties 
of the composites[4,5]. Synthetic nanocomposites have been 
prepared with various polymers and montmorillonite (MMT) 
is the most common filler used. In turn, the use of layered 
zirconium phosphate (ZrP), an inorganic and synthetic filler, 
in the formation of a nanocomposite results in a material with 
higher aspect ratio, purity and surface energy advantages 
in relation to MMT[6,7].

The polyethylene family is diversified. High density 
polyethylene (HDPE) and linear low density polyethylene 
(LLDPE) are marked members. Although they are 
produced by Ziegler-Natta and metalocenic catalyst they 
are homopolymer and copolymer, respectively. HDPE is a 
homopolymer obtained by coordination polymerization of 
ethylene gas. Its polymeric chains are linear and constituted 
by the catenation of ethylene mers. LLDPE is a copolymer 
obtained by coordination polymerization of ethylene gas 
with an alpha-olefin (propylene, butane, hexane, etc). It is 
considered a branched polymer once its polymeric chains 
are constituted by mers of ethylene and mers of alpha-olefin 
(propylene is commercially more common). As a consequence 

of those branching in LLDPE, its properties differ a lot from 
those presented by HDPE For instance, the density, degree 
of crystallinity, melting temperature and Young’s modulus 
are quite different[8]. High-density polyethylene (HDPE) 
is a semicrystalline polymer with many advantages – low 
density, strong tenacity, high resistance to impact, abrasion 
and corrosion. Additionally, inertia to the majority of 
chemicals, low toxicity and long lifetime contribute for 
large industrial applications[9]. Nanoparticles of silicalite-1 
were used with HDPE. Rheological and physical properties 
were investigated. The authors observed slight effect on the 
melting temperature, onset degradation temperature and 
decreasing of intensity of HDPE diffraction peaks[10]. It was 
found that ultrasonic treatment enhanced the intercalation of 
HDPE into lattice layers of clay by increasing d-spacing up 
to 50%[11]. Impact strength, modulus, and flexural strength of 
HDPE/exfoliated graphite nanocomposites were compared 
to others types of reinforcement (glass fibers and carbon 
black). Polymer nanocomposites from HDPE/exfoliated 
graphite were equivalent in flexural stiffness and strength 
to HDPE composites reinforced with glass fibers and carbon 
black[12]. Synergistic effect introduced by nanoparticles 
of nano-CaCO3 and OMMT in HDPE was reported[13,14] 
inferred that a higher degree of exfoliation for nanosized clay 
particles is key to enhancing the rheological, mechanical, 
and flame retarding properties even when small amounts 
of clay (less than 1%) are used.

Considering that it was not found scientific article 
related to nanocomposite of HDPE and zirconium phosphate 
modified with long-chain amine, the aim of this work was to 
investigate the influence of the intercalation of octadecylamine 
inside ZrP galleries on the HDPE characteristics. Through 
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 thermal, crystallographic, thermo-mechanical, tensile and 
molecular mobility analyses the formation of intercalated 
and/or exfoliated nanocomposite was evaluated.

2. Materials and Methods

2.1 Materials

High-density polyethylene (HDPE) – melt flow index of 
0.35 g/10 min and density of 0.960 g/cm3 – was provided by 
Braskem (Triunfo, RS, Brazil). Phosphoric acid, zirconium 
oxychloride and octadecylamine were purchased (Aldrich Co.).

2.2 Synthesis of layered zirconium phosphate

The ZrP was synthesized by direct precipitation 
method[15]. An 12M phosphoric acid solution (H3PO4) and 
zirconium oxychloride were mixed in the proportion of 
P/Zr = 18. The system was kept under agitation and reflux 
at 110 °C, for 24 hours. After that, the resulting material was 
centrifuged (3400 rpm for 30 min) and washed successively 
with deionized water in order to obtain neutral pH and 
absence of chloride[16-18]. The resulting solid was placed 
in a freezer at –80 °C for 24 hours and then submitted to 
lyophilization for 4 days.

2.3 Modification of the layered zirconium phosphate

The ZrP was modified by intercalation of amine according 
to the experimental procedure[19,20]. A certain amount of α-ZrP 
and a solution of octadecylamine (2:1 alcohol/water) were 
mixed at an amine/α-ZrP molar ratio of 1.5. The product 
was centrifuged and washed successively with alcohol to 
remove the excess of amine. As before, the resulting solid 
was placed in a freezer at –80 °C for 24 hours and then 
submitted to lyophilization for 4 days. The final product 
was labeled as ZrPOct.

2.4 Preparation of nanocomposites

Nanocomposites of HDPE and layered zirconium phosphates 
– neat and organically modified with octadecylamine – with 
a fixed phosphate percentage of 2% w/w, were processed 
in a counter-rotating twin-screw extruder. The extruder was 
adjusted to operate at 100 rpm and temperature profile of 160 °C 
(input) and 170 °C, 180 °C and 190 °C (output), conditions 
recommended by the polymer manufacturer. The extrudate 
was cooled and granulated. In order to homogenize the 
nanocomposite, the material was reprocessed under the 
same conditions. In order to characterize the material, thin 
plates was processed in Carver press at 210 °C, with load 
of 5000 kg for 7 minutes.

2.5 Characterization
2.5.1 Low field nuclear resonance magnetic (LFNMR)

The relaxation time of the HDPE and nanocomposites, 
1H low-field nuclear magnetic resonance (1HLFNMR) analysis 
was carried out in a Maran Ultra 23 low-field NMR device. 
The relaxation time (T1) was measured in time intervals of 
10 seconds and 20 points, at 27 °C. The result was expressed 
in terms of domain curves.

2.5.2 Dynamic-mechanical analysis (DMA)

Dynamic-mechanical analysis (DMA) was carried out 
in a TA Instruments Q800 instrument, using rectangular 
specimens with dimensions of 8x 1x 0.1 cm, scanning from 
–150 to 100 °C, heating rate of 2 °C/min and frequency of 1 Hz, 
in the single-cantilever mode. The storage modulus (E’), the 
loss modulus (E’) and loss tangent (tanδ) were determined.

2.5.3 Wide angle X-ray diffraction (WAXD)

The WAXD was performed in a Rigaku Miniflex 
diffractometer, employing CuKα radiation with wavelength 
of 1.5418Å and Ni filter, at a voltage of 30kV and current 
of 15mA, with 2θ between 2-35°. From the diffractograms 
it was identified the crystallographic planes and calculated 
the interlamellar spacing, using Bragg’s equation.

2.5.4 Thermogravimetry (TGA)

The thermal stability was evaluated in a TA Instruments 
Q500 thermogravimetric analyzer. The thermogravimetric 
curves were obtained between 30 and 700 °C, at 10 °C/min, 
under a nitrogen atmosphere. The temperatures of initial, 
maximum and final degradation (TINICIAl, TMAX and TFINAL) 
were determined as well the residue.

2.5.5 Differential scanning calorimetry (DSC)

The calorimetric properties were proceeded using a 
TA Instruments Q1000 differential scanning calorimeter 
(DSC). Three thermal cycles were applied. At first, the 
sample was heated from 40 to 200 °C at 10 °C/min under 
a nitrogen atmosphere and then kept for 2 minutes in order 
to eliminate the thermal history. Following, it was cooled 
to 40 °C at 10 °C/min. Finally, a second heating cycle was 
carried out under the same conditions as the first. The melting 
temperature (TM) was measured considering the curve plotted 
from the second heating cycle. The crystallization temperature 
(TC) was determined when possible. The melting enthalpy 
(ΔHM) was used to calculate the crystallinity degree (XC), 
considering the melting enthalpy of the 100% crystalline 
HDPE (290 J.g–1) and corrected regarding the HDPE content.

2.5.6 Tensile measurements

Stress-strain test was performed by using an Instron model 
5569 universal testing system, according to the ASTM D 638 
with a 10-kN load cell and testing velocity of 10 mm/min. 
The parameters assessed were the elastic modulus, stress 
and elongation at break and stress and elongation at yield. 
The results were expressed considering the mean of five 
test specimens.

2.5.7 Flowability

The effect of the zirconium phosphate nanoparticles 
on the HDPE melt flow rate (MFR) was analyzed using a 
Dynisco plastometer following the ASTM D 1238, at 190 °C, 
2.16 kg and melt time of 240 seconds.

3. Results and Discussions

3.1 Hydrogen low field nuclear magnetic resonance

Hydrogen NMR allows obtaining information on 
sample organization, heterogeneity and particle dispersion. 
The relaxation data are important to understand the changes in 
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the molecular structural organization and molecular dynamic 
of nanocomposites. Solid-state 1HNMR spectroscopy is 
sensitive enough to assess the different chain mobilities in 
polyethylene[21]. Semicrystalline polyethylene is composed 
of domains with widely different polymer chain mobilities. 
In the crystalline domain, the chains are highly ordered and can 
only be reoriented very slowly. In contrast, in noncrystalline 
domains the polymer chains have high mobility. Table 1 
shows the T1H values and the respective % of domain for the 
samples. For all the materials, it was not observed notorious 
displacement of peaks. Figure 1 shows the domain curves 
of the HDPE and composites. The relaxation curve of the 
HDPE revealed two domains. At relaxation times shorter 
than 400,000 s, one of them appeared, attributed to the chain 
mobility in the amorphous phase, while a second peak was 
detected at higher relaxation times concerning the rigid region 
– amorphous chains constricted among HDPE lamellae and 
crystalline phase – the latter normally being responsible for 
controlling relaxation process. The absence of relaxation 
times related to the filler in the composite domain curves 
is an important indication that good dispersion and filler/
polymer interaction has occurred, according to Tavares et al.
[22] and Mendes et al.[23].

3.2 Dynamic-mechanical test

The tanδ curves (Figure 2) and Table 2 showed that the 
addition of ZrP – modified or not – promoted no influence 
in glass transition temperature (Tg) of the polymer. It was 
also observed a decrease in storage and loss modulus. 
Octadecylamine or stearylamine [CH3-(CH2)17-NH2] is a 
long chain amine produced from the chemical reduction of 
stearic acid. Its chemical structure possesses a hydrocarbon 
chain with seventeen methylene groups. The HDPE polymer 
chain is constituted by catenation of thousands ethylene 
groups (two consecutive methylene groups bonded). 
The presence of methylene groups in the chemical structure 
of both should provide strong interaction between HDPE 
and octadecylamine. It is worth to explain the role of the 
octadecylamine as modifier of the zirconium phosphate 
(ZrP) structure. The ZrP is a lamellar crystalline inorganic 
material which has poor interaction with polymers (organic 
material). For improving the interaction of ZrP with 
polyolefins its lamellar structure was organically modified 
with octadecylamine through acid/base reaction. The presence 
of octadecylamine between the galleries of ZrP resulted in 
the lamellae separation – d-spacing of ZrP was increased – 
and enhanced its organophilic characteristics. Such chemical 
modification facilitates the entrance of HDPE chains inside 
of the ZrPOct galleries. Due to the chemical structural 
similarity with HDPE chains the octadecylamine played a 
role as plasticizing for polyolefin resulting in decreasing 
of HDPE storage modulus (E’).

3.3 WAXD

Figures 3, 4 and 5 show the diffractograms and Table 3 
presents diffraction angle and d-spacing of the materials. 
HDPE diffraction angles occurred at 2θ=22.21º and 
2θ=24.52º as reported in literature[24]. The diffraction angle 
equivalent to basal spacing of the ZrP occurred at 2θ=12° 
with an interlamellar distance of 7.32 Å. In HDPE/ZrP, 
the diffraction angle of ZrP remained constant but the 

interlamellar spacing decreased (d=7.25 Å) attributed to 
loss of water in the interlamellar layer by Costantino et al.[6]. 
In the presence of HDPE, the diffraction angle of ZrPOct 
decreased from 4.1 to 3.9° while the interlamellar spacing 
increased from 21.55 to 23.88 Å. It was also observed a 
slight shift of the HDPE diffraction planes to small angles 

Figure 1. 1HLFNMR domain curves of HDPE and composites.

Table 1. NMR data of HDPE and composites.
Sample T1H (ms) T1H Domain (%)

HDPE
19.68 12.46

388.13 87.54

HDPE/ZrP
16.60 12.50

356.43 87.50

HDPE/ZrPOct
21.43 13.00

356.43 87.00

Figure 2. Tan Delta curves of the materials.

Table 2. DMA data of HDPE and composites.
Sample HDPE HDPE/ZrP HDPE/ZrPOct

Tg (°C) –102 –102 –102
Loss Modulus (E”) at 
Tg point (MPa) 267 235 219

Storage Modulus (E’) 
at Tg point (MPa) 4690 4104 3915

Tanδ 0.057 0.057 0.056
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3.4 Thermogravimetry

Table 4 shows the TGA data of the materials. The TONSET, 
TMAX and TFINAL of HDPE and HDPE/ZrP were very similar 
indicating that a microcomposite was produced. It is currently 
disseminate that the increasing of thermal stability in polymeric 
nanocomposites is attributed to layered filler. The lamellae 
– intercalated or exfoliated – act as barrier to the release 
of volatile products during degradation[15,25]. All  thermal 
properties were higher for HDPE/ZrPOct indicating that a 
partially and/or exfoliated nanocomposite was produced.

3.5 Differential scanning calorimetry

The calorimetric data in Table 5 showed that TC, TM and 
XC of HDPE and HDPE/ZrP were very close. Tm and Xc of 
HDPE/ZrPOct attained values slightly lower. Particularly, 
the HDPE degree of crystallinity was reduced as function 
of octadecylamine linked into the phosphate lamellae. 
As mentioned, the amine acted as plasticizing agent of HDPE 
chain and retarded its crystallization process. It is again 
evidenced that partially and/or exfoliated nanocomposite 
was achieved.

3.6 Mechanical measurements

Mechanical properties are arranged in Table 6. The elastic 
modulus increased for HDPE/ZrP and a decreasing was 
observed for HDPE/ZrPOct. The filler was responsible 
for decreasing of modulus and also the slight increasing of 
elongation at break as compared to HDPE/ZrP. The decrease of 
the Young modulus of the produced nanocomposite probably 
is also associated to the lower degree of crystallinity, as 
observed in DSC analysis. Then, it is valid to deduce that a 
partially and/or exfoliated nanocomposite was produced for 
HDPE/ZrOct. A decreasing of stress and elongation at break 
was presented for HDPE/ZrP and HDPE/ZrPOct. Two types 
of material were produced as function of the type of filler. 
In the HDPE/ZrP, the ZrP acted as reinforcement of HDPE 
and it is deduced that a microcomposite was achieved[26]. 

Figure 5. WAXD diffractograms of the HDPE and composite 
HDPE/ZrPOct.

Figure 3. WAXD diffractograms of the ZrP and ZrPOct fillers.

Figure 4. WAXD diffractograms of the HDPE and composite 
HDPE/ZrP.

(from 22.21 to 21.7º and 24.52 to 23.9º. The changes could 
be attributed to the intercalation of the HDPE along the 
ZrPOct interlamellar layers. It can deduce that partially 
intercalated and/or exfoliated nanocomposite was achieved.

Table 3. 2θ values and interlayer distances of the materials.
Sample 2 θ (degrees) d001(Å)

ZrP 12.00 7.32
HDPE/ZrP 12.17 7.25
ZrPOct 4.10 21.55
HDPE/ZrPOct 3.90 23.88

Table 4. TGA data of the materials.
Sample Tonset (°C) Tmáx (°C) Tfinal (°C) Residue (%)

HDPE 261 453 473 4.7
HDPE/ZrP 270 453 473 3.1
HDPE/ZrPOct 306 470 486 3.1

Table 5. Calorimetric properties of the materials.

Sample Tc (°C) Tm (°C) ΔHa (J/g) Xc (%)

HDPE 115 134 208 72
HDPE/ZrP 116 134 208 72
HDPE/ZrPOct 116 133 201 69
Tc= crystallization temperature; Tm= melting temperature in the 2nd 
heating; ΔHa= melting enthalpy; Xc= degree of crystallinity.
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For HDPE/ZrPOct the octadecylamine inside of ZrPOct 
developed a role as plasticizing agent of HDPE. It was 
responsible for decreasing of modulus and also the slight 
increasing of elongation at break as compared to HDPE/ZrP. 
Then, it is valid to to deduce that a partially and/or exfoliated 
nanocomposite was produced for HDPE/ ZrPOct.

3.7 Melt flow rate

MFR values are presented in Table 7. The MFR showed 
tendency to decrease for HDPE/ZrP and HDPE/ZrPOct. 
Similar to happen in microcomposites, the fillers provide 
resistance to flowability of HDPE[27]. The lowest value 
was found to HDPE/ZrPOct due to the entrance of HDPE 
chain inside de ZrPOct lamellae. It induced to suppose that 
a partially and/or exfoliated nanocomposite was reached. 
The findings corroborated to those in WAXD and mechanical 
measurements.

4. Conclusions

Alpha-zirconium phosphate was synthesized and modified 
with octadecylamine in order to produce nanocomposite based 
on HDPE. According to some conventional characterization 
techniques of polymers (DSC, TGA, WAXD, MFR, 
tensile‑deformation) HDPE/ZrP behave as a microcomposite. 
On the contrary, presence of octadecylamine as intercalation 
agent of ZrP allowed the increasing of its interlamellar 
spacing. Also facilitate the entrance of the HDPE chain 
along the filler galleries. This produced changes in the HDPE 
behavior. Decreasing of the (d001) diffraction angle, elastic 
modulus, degree of crystallinity besides increasing of the 
interlamellar spacing and thermal stability lead to induce that 
a partially and/or exfoliated nanocomposite was reached.
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