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INTRODUCTION

Polyethylene (PE) is one of the most widely used poly-
mers due to its excellent chemical resistance, low di-
electric constant, and low cost. However, it has some 
disadvantages such as low stiffness and tensile strength. 
Therefore, different modifiers are extensively used to 
improve different properties of PE [1–3].

Over the last decade, polymer nanocomposites have 

attracted great interest both in academic and indus-
trial sectors. It is due to the fact that polymer nano-
composites possess considerably better performances 
compared to the conventional micro-composites[4]. 
Various types of nanofillers including graphene[5], 
polyhedral oligomeric silsesquioxane (POSS)[6,7], 
clay and carbon nanotubes [8, 9] have been incorpo-
rated into the polymer matrices to obtain materials with 
enhanced physical, mechanical, electrical and thermal 
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ABSTRACT

This study presents methods for treating a kind of nanoclay and investigates the effects of methylaluminoxane 
(MAO) exposure time and or dodecylamine (DDA) reflux time on in-situ polymerization of ethylene in the 

presence of nanoclay and examines the morphology and properties of the prepared polyethylene/clay nanocomposites. 
The results revealed that by increasing MAO exposure time productivity decreased. Modification of nanoclay by 
NH3/MAO led to formation of exfoliated structures. In treatment with NH3/DDA, the change in reflux time resulted 
in different structures. SEM demonstrated that the morphology of the nanocomposites strongly depended on the 
modification method and treatment time. Dynamic mechanical analysis indicated that the elastic modulus of the 
nanocomposites increased by increasing MAO exposure time. The nanocomposites treated with different MAO 
exposure times showed similar thermal degradation behavior. The nanocomposite modified under the condition of 
24 h DDA reflux time indicated the lowest thermal decomposition temperature due to poor dispersion of nanoclay 
in the synthesized nanocomposite. The nanocomposites modified by NH3/MAO had higher degree of crystallinity 
compared to those modified by NH3/DDA, which could be attributed to the difference in dispersion level of the 
modified clays. A relationship between the rheological properties, weight fraction and dispersion of modified 
nanoclay was observed. The findings showed that the modification condition had a significant influence on the 
morphology and properties of the synthesized nanocomposites. Polyolefins J (2018) 5: 125-139
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properties and also flame retardancy.
Investigation of properties of the PE/clay nanocom-

posites is the subject of numerous research studies in 
recent years [10–16].Two main methods have been 
employed for preparation of these nanocomposites: 
melt processing, and in-situ polymerization. In the 
former, the PE resin and nanofiller are mixed in the 
melt state, whereas in the latter, active sites of catalyst 
are supported on silicate layers, and therefore, macro-
molecular chains are formed between nanoclay gal-
leries [17]. The major disadvantages of the melt pro-
cessing are inadequate dispersion of nanoclay in the 
matrix, especially at high loadings, and the possibility 
of thermal degradation of the matrix [18]. In contrary, 
in-situ approach can provide good filler dispersion 
due to an increase in the gallery space between the 
clay layers during polymerization process. Further-
more, it allows researchers to design polymers with 
desirable microstructures using different catalysts [15, 
19]. Therefore, in-situ polymerization of the ethylene 
using Ziegler–Natta, and metallocene catalysts sup-
ported on the layered silicates has been extensively 
studied [20-25]. However, in-situ polymerization has 
caused some problems such as excessive consumption 
of cocatalyst, and low activity. In fact, water content of 
the layered silicates is an important issue in the in-situ 
polymerization, because it acts as a catalyst poison. 
On the other hand, homogeneous dispersion of the ac-
tive sites on the nanoclay surface, and their extraction 
from support surface are important issues that need 
to be addressed in the in-situ polymerization [19,26, 
27]. Therefore, modification of nanofiller and catalyst 
supporting method are key parameters for achieving 
nanocomposites with high performance properties.

Modification of nanoclay using organic cations is 
one of the most common routes to improve fixation of 
the catalyst between the silicate layers. There are re-
ports on the nanoclays modified with octadecylamine 
(ODA)[28], alkylammonium [29], glycinate hydro-
chloride [30], undec-10-enylammonium chloride (as 
a polymerizable organic modifier) [31], and organosi-
lane[32]. It was reported that the catalytic activity of 
the metallocenes supported on ODA-treated nanoclay 
during in-situ polymerization of ethylene was com-
parable to that of those without nanofiller [28]. Also, 
Ren et al. [33] synthesized a multi-functional ammo-

nium modifier with carbonyl and vinyl groups to treat 
montmorillonite (MMT). Polymerization of ethylene 
in the presence of the modified MMT resulted in ex-
foliated structures even at very high nanoclay content, 
which was attributed to the high level of metallocene 
anchoring within the interlayer of MMT due to the 
presence of carbonyl groups.

Some researchers have used aluminoxanes to modi-
fy different nanoclays [29,34-37]. Leone et al. [34] in-
vestigated the influence of the nanoclay pretreated by 
methylaluminoxane (MAO) on the properties of PE 
nanocomposites. They found out that the catalytic ac-
tivity for the nanocomposite was higher than that for 
neat polymer. Moreover, the catalytic activity was en-
hanced by increase in the contact time between MAO 
and Cloisite 15A. As mentioned earlier, this type of 
modification requires high volumes of MAO to ob-
tain good polymerization activities [19]. In another 
treatment approach, the partial hydrolysis of alkyl 
aluminums with the water molecules of the nanoclay 
surface provided high activities[38-41]. Maneshi et 
al. [26] reported a catalyst supporting method for dif-
ferent nanoclays that did not require incorporation of 
MAO. The authors found that only the catalyst sup-
ported on Cloisite 93A showed a high polymerization 
activity because, contrary to other nanoclays modified 
with quaternary ammonium, this nanoclay with ter-
tiary ammonium salts in its gallery possesses water 
molecules which can form MAO by reaction with al-
kyl aluminum.

In our previous work [15], a new method was pre-
sented for treatment of the clay nanoplatelets using 
ammonia gas and dodecylamine (DDA). The activity 
of the catalyst supported on the treated nanoclay was 
much higher than that supported on Cloisite 15A, and 
an exfoliated structure was obtained for PE nanocom-
posites. Furthermore, a recent work of our lab [42] 
reveald that NH3 together with MAO and DDA (as 
modifiers of the nanoclay) are effective factors on the 
activity of metallocene in polymerization of ethylene. 
In continuation of our research on this area, now, we 
report different procedures for modification of Na-
MMT and investigate effects of the modification pa-
rameters (MAO exposure time and DDA reflux time) 
on the morphology and properties of the prepared PE 
nanocomposites.
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EXPERIMENTAL
Materials
The zirconocene catalyst “bis (cyclopentadienyl) 
zirconiumdichloride” (Cp2ZrCl2) and methylalumi-
noxane (MAO, 10 wt.% in toluene) were supplied by 
Aldrich (Germany). Toluene was the product of Ban-
dare-e-Imam Petrochemical Company (Iran). Dodec-
ylamine (DDA) (CH3(CH2)11NH2) was obtained from 
Merck (Germany). Na-MMT with cation exchange 
capacity (CEC) of 92 meq/100 g, interlayer spacing 
of 1.17 nm and moisture content of < 2.00 wt% was 
purchased from Southern Clay Products (USA). Am-
monia gas was purchased from Roham Gas Company 
(Iran).Nitrogen and ethylene (industrial grades) were 
obtained from Bandar-e-Imam Petrochemical Compa-
ny. Ammonia was dried by passing through columns 
of active calcium carbonate, potash and soda. Also, ni-
trogen and ethylene were purified by passing through 
a 4 Å molecular sieve column.

Preparation of nanocomposites
Modification of nanoclay 
All experiments were performed under nitrogen atmo-
sphere in a glove box under argon atmosphere. At first, 
0.5 g of Na-MMT was dispersed in 200 cc toluene by 
stirring. The suspension was then exposed to ammo-
nia gas for 30 min at room temperature. After that, 
it was heated at 110°C for 1 h and also washed with 
fresh toluene three times to remove unreacted ammo-
nia. The wet filtrated nanoclay was dried in an oven 
at 100°C for 30 min. In the case of the modification 
with dodecylamine, 0.5 g of DDA was dispersed in 
10 cc toluene. After that, 0.5 g of NH3-modified clay 
was added to the DDA solution and the mixture was 
stirred under reflux at boiling point of toluene (78°C) 
for 24, 48, and 72 h, respectively. The precipitated 
solid was filtered and washed with toluene three times 
to remove unreacted DDA. In the modification with 
methylaluminoxane, 0.5 g of NH3-modified clay and 
1 cc of MAO were added to 10 cc of toluene. The stir-
ring process was carried out for 2, 4, and 6 h, respec-
tively at room temperature. Then, the solution was 
rested in stationary condition to permit precipitation 
of clay. The unreacted MAO was washed with fresh 
toluene three times and the excess amount of toluene 
was removed. 

Supporting process
In this step, 0.01 g of metallocene catalyst (Cp2ZrCl2) 
was dissolved in 10 cc of toluene. Then, the solution 
was added to 0.5 g modified clay slurried in toluene and 
stirred for 2 h at room temperature. Finally, the mixture 
was washed with toluene three times to remove unre-
acted metallocene catalyst. The catalyst supported on 
the modified clay was named pre-MMT-Zr.

Polymerization
The polymerization of ethylene was carried out us-
ing pre-MMT-Zr and additional 5 cc of MAO in a 1 L 
Buchi stainless steel reactor equipped with magnetic 
drive stirrer (model bmd 300) and an anchor agitator. 
Before polymerization, the reactor was heated up to 
90°C and purged with argon for 1 h. Then, the reactor 
was cooled down to 65°C (polymerization tempera-
ture) and purged again with argon for 1 h. After that, 
400 cc of toluene was charged into the reactor. 5 cc 
of MAO was added and stirred for 5 min. In the next 
step, the supported catalyst slurry was introduced to 
the reactor and ethylene gas was regulated at 4 bar. Af-
ter 1 h, the polymerization was terminated by reducing 
monomer pressure. The polymerized nanocomposite 
was washed with methanol and dried in a vacuum 
oven at 80°C for 24 h. The clay modification and eth-
ylene polymerization conditions are shown in Table 
1. It is necessary to note that the codes of the samples 
containing nanoclay modified with NH3, NH3/DDA 
and NH3/MAO are MD0, M2-M6 and D24-D72, re-
spectively. 
The nanoclay weight percentage (NCwt) in the in-situ 
polymerized samples was calculated using the follow-
ing equation:

100
P
5.0CN   

 
 tw ×=

where NCwt is the weight percentage of nanoclay in 
the produced polymer, and P is the amount of the pro-
duced polymer. Also, 0.5 refers to the weight of the 
nanoclay added to the reactor, which was 0.5 g for all 
samples.

Characterization
Molecular weight measurement
To measure the viscosity average molecular weight 



128

Effect of NH3/methylaluminoxane/dodecylamine modified-nanoclay on morphology and properties of polyethylene/clay...

Polyolefins Journal, Vol. 5, No. 2 (2018)

IPPI

(Mv), the samples were dissolved in decaline (0.02 
g.dL-1) at 165ºC and then filtered through a 0.2 mm 
paper filter to remove the clay in order to avoid the 
errors due to the presence of clay particles. Then, the 
solution was quickly transferred to an Ubbelohde vis-
cometer at 135ºC. Mv was calculated according to the 
Mark-Kuhn-Houwink equation ([ƞ] =k (Mv)

α with k= 
6.2×10-4 and α= 0.7).

Scanning electron microscopy (SEM)
To investigate morphology of the nanocomposites, the 
samples were sputter coated with gold and examined 
using a Vega Tescan model scanning electron micro-
scope.

X-ray diffraction (XRD)
XRD measurements were carried out using a Siemens 
D 500 diffractometer (Germany) equipped by Cu Kα 
radiation at the voltage of 40 kV and current of 40 
mA. The diffractograms were scanned in the 2θ range 
of 1.5° to 10°, at the rate of 1°/min, and at ambient 
temperature. The measurements were recorded with a 
step size of 0.02°. 

Thermal gravimetric analysis (TGA) 
TGA measurements were performed by a TGA-PL 
1500 instrument. The samples were heated up to 
600°C under the heating rate of 10°C min−1.

Differential scanning calorimetry (DSC) 
The melting behavior of the nanocomposites was in-
vestigated by a NETZSCH DSC 200 F3 instrument 
(Germany).The samples were first heated (with a rate 
of 10 K.min-1) from 25°C to 180°C and then were 

cooled (with a rate of 10 K.min-1) to 25°C. Then they 
were again heated (with a rate of 10 K.min-1) to 180°C.

Dynamic mechanical analysis (DMA) 
Dynamic mechanical properties were studied using a 
Tritec 2000 DM instrument (England) from -150 to 
150°C at a heating rate of 5°C.min-1 and frequency of 
1 Hz.

RESULTS AND DISCUSSION
Polymerization using catalyst supported on treated 
nanoclay
The successful polymerization of ethylene in the pres-
ence of nanoclay is best achieved when the metallo-
cene catalysts are supported efficiently on the platelets 
of layered silicates, which, in turn, leads to higher ac-
tivity and yield [15]. According to Table 1, the highest 
content of the produced PE or yield is observed for M2 
sample, which means that MAO exposure time of 2h 
had the best efficiency. In fact, a significant increase 
in the yield of this sample (approximately 6 times) can 
be observed compared to that of the sample containing 
nanoclay modified with NH3. Moreover, as the MAO 
exposure time increases, the amount of synthesized 
PE decreases. Therefore, it appears that 2 h is suffi-
cient time for modification of Na-MMT with MAO. 
On the basis of the amount of the produced polymer, 
the efficiency of the modification processes could be 
ordered as follows:

M2 > M4 > D48 > M6 > D72 > MD0 > D24

Treatment of the Na-MMT with NH3 introduces am-
monia molecules into the nanoclay galleries. In fact, 

Table 1. Modification and polymerization conditions.

Samples 
Codes 

MAO amount used in 
pretreatment stage

(cc)

MAO exposure 
time
(h)

DDA amount used 
in pretreatment

stage (g)

DDA 
reflux 

time (h)

Produced 
polymer 

(g)

Yield
(g/gclay t)

Nanoclay 
wt.%

in polymer

MD0
M2
M4
M6
D24
D48
D72

-
1
1
1
-
-
-

-
2
4
6
-
-
-

-
-
-
-

0.5
0.5
0.5

-
-
-
-

24
48
72

20
117
73
46
12
52
30

40
234
146
92
24

104
60

2.5
0.42
0.68
1.08
4.1

0.96
1.66

Clay=0.5 g, MAO in polymerization=5cc, Catalyst=0.01 g.
All samples exposed to NH3 for 30 min.
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NH3 can create the hydrogen bonding with the water 
molecules and as a result, an NH3-water azeotrope is 
formed which is then extracted from clay galleries by 
heating at higher temperature. On the other hand, the 
presence of NH3 around water molecules generates a 
shielding effect that prevents the metallocene from 
being poisoned [15,42]. The FTIR spectra in our re-
cent work [42] showed that the treatment with NH3 
decreased the intensity of peaks related to the hydro-
gen-bonded water molecules and interlayer water de-
formation in the nanoclay.

MAO is a mixture of linear and cyclic oligomers of 
different lengths [43]. It enters into the reaction with 
silanol functional groups of the Na-MMT surface and 
forms oxygen-aluminum bonds. By the incorporation 
of metallocene, the reaction between the catalyst mol-
ecules and MAO deposited on the clay surface leads 
to formation of alkyl zirconocene cations which are 
active sites for ethylene polymerization. Therefore, 
treatment of the nanoclay with MAO for 2 h provides 
an appropriate medium to create active sites on the 
surface of Na-MMT. Moreover, in the presence of 
MAO, the concentration of free hydroxyl groups is 
very low and as a result, deactivation of the active 
sites decreases significantly [42]. So, one of the main 
reasons for the lower activity of the catalysts support-
ed on the nanoclays treated with NH3 and NH3/DDA 
(MD0 and D24-D72 samples) compared to those 
treated with NH3/MAO (M2-M6 samples) is the fact 
that in the former samples, the degree of metallocene 
deactivation with hydroxyl groups is higher. 

As observed, the higher MAO exposure times led to 
producing a smaller amount of polymer. The explana-
tion for this observation is as follows: When the MAO 
exposure time increases up to a certain value, the ac-
tivity increases because MAO can stabilize the active 
sites of the catalyst. In contrast, at higher exposure 
times, the content of the co-catalyst on the nanoclay 
surface increases. In this case, there is a possibility of 
deactivation of the active sites, as shown in Figure 1 
[44]. On the other hand, the presence of higher content 
of MAO in the nanoclay galleries hinders the introduc-
tion of catalyst into the interlayer space of Na-MMT, 
causing lower supporting efficiency and yield of the 
polymerization [28].So, M4 and M6 samples showed 
lower productivity than the M2.

The results of modification with NH3/DDA revealed 
that by increasing the reflux time from 24 to 48 h, the 
amount of produced PE increased, whereas further 
increase resulted in a reverse effect. The treatment 
with DDA having long hydrocarbon chain increased 
the interlayer space of Na-MMT and as a result, the 
supporting of the catalyst on the nanoclay layers took 
place more easily. Similar to the modification with 
NH3, the treatment with NH3/DDA reduced the wa-
ter content in the nanoclay. DDA molecules also have 
the ability to react with the functional groups on the 
nanoclay surface, which was verified by the appear-
ance of the band at 3000 cm-1 belonging to the N–C 
and N–H groups [42]. On the other hand, the insertion 
of ethylene monomer into the interlayer space and re-
action with the active centers located in the internal 
points of the modified nanoclay increased. Also, DDA 
molecules play the role of spacer groups of the cata-
lyst, and thus can decrease the deactivating bimolecu-
lar reactions [28]. Furthermore, the presence of the 
DDA modifier improved the compatibility between 
the polymer chains and nanoclay, which is crucial for 
the preparation of nanocomposites. The decline in the 
yield of D72 sample could be attributed to the role of 
amine functional groups of DDA in deactivating ac-
tive sites [28]. In other words, the negative effect of 
DDA on the activity could be stronger than its positive 
effect after an optimum level of reflux time.

The molecular weights of the prepared samples are 
presented in Table 2. As seen, M2 has the highest Mv, 
and also the molecular weight is decreased by increas-
ing the MAO exposure time. This can be due to the 
reasons mentioned above. In fact, by modifying the 
nanofiller, the sheets of layered silicates are separated 
from each other and thereby, the chain growth reaction 
is facilitated. Thus, by considering the effects of the 
exposure times of MAO and reflux times of DDA (as 

Figure 1. Deactivation of the active sites by excess MAO 
[44].
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described before), it can be observed that there is a di-
rect relationship between the modification efficiency 
and molecular weights of the samples.

Morphology
The SEM micrographs of the nanocomposites contain-
ing nanoclay modified with NH3 are shown in Figure 
2. Lower activity and less particle growth resulted in 
increasing of surface area and tending to agglomera-
tion. The nanocomposites show a special morphology 
with porous surfaces. It is probably due to replicating 
of the nanoclay-supported catalyst. The modification 
of nanoclay with NH3/MAO leads to creation of dif-
ferent morphologies (Figure 3) completely different 
from the morphology of pure PE. Fragmentation has 
not seen as much as in pure PE. It can be because of 
the enhancement in the heat and mass transfer in the 

supported catalyst due to the porosity of nanoclay. 
For these nanocomposites, less agglomeration was 
observed compared to the nanocomposites modified 
with NH3. By increasing the MAO exposure time, 
significant changes took place in the morphology. For 
M2, the growing of the particles was successful and 
the induced tensions led to fragmentation of particles. 
This observation is in total agreement with high activ-
ity of catalyst (117 g) in this condition. The morphol-
ogy of the M4 and M6 nanocomposites reveals less 
fragmentation compared to that observed for the M2.
In the case of the modification with NH3/DDA, the 
morphologies are completely different from the other 
cases (Figure 4). In fact, different morphologies are 
observed for different DDA reflux times. This may be 
attributed to the presence of amine functionality and 
formation of inter-molecular hydrogen bonding. Fur-
thermore, long carbon chains in the DDA structure can 
lead to the formation of this morphology. The com-
parison of the morphologies related to different DDA 
reflux times indicates slightly fragmentation for D48 
nanocomposite. This is consistent with that observed 
for the produced polymer (52 g). Degree of fragmen-
tation depends on the catalyst activity directly and on 
the shielding of hydroxyl groups indirectly, which 
prevents poisoning of catalyst. In addition, it seems 
that the chemical nature of modifying agent is vital 
factor in the formation of final morphology, i.e. MAO 

Table 2. Crystallinity, melting temperature and viscosity av-
erage molecular weight (Mv) of PE samples.

code of 
sample Tm

[1] (°C) ΔHm
[2] (J/g) Xc

[3] (%) Mv×10-3 )

(g/gmol)
M2
M4
M6
D24
D48
D72

129.8
130

131.4
134.8
134.9
132.9

212.3
213.7
208.2
182.2
187.7
192.7

72.4
72.9
71

62.1
64

65.7

83.4
48.9
26.2
61.9
66.1
50.9

(1) Melting temperature
(2) Melting enthalpy
(3) Crystallinity

Figure 2. SEM micrographs of nanocomposites containing nanoclay modified with NH3 (MD0) at (a) low and (b) high magnifica-
tions.

   (a)            (b) 
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treatment tends to change morphology from a special 
shape in lower activities to a fully fragmented mor-
phology in high activities, and a flag-like morphology 
was observed in the case of DDA and NH3 treatments.
The comparison of the M2 and D48 nanocomposites 
revealed that the degree of fragmentation was high-
er in the former. This could be related to the higher 
amount of the polymer produced in the case of modi-
fication with MAO. 

X-ray diffraction (XRD)
To assess the dispersion level of the nanoclay particles 
in the PE matrix, the prepared nanocomposites were 
investigated by XRD. Figure 5 shows the X-ray pat-
terns of the neat Na-MMT and nanocomposites con-
taining nanoclays pretreated by the different modifi-
cation methods. As seen, the neat Na-MMT shows a 

characteristic peak at 2θ=7.4°. By using Bragg’s law 
(equation 1), d-spacing of 11.7 Ả could be calculated 
for this nanoclay:

)(sin2
d

      θ
λ

=        (1)

Where d is the distance between layers, and λ is the 
wavelength of X-ray beam. For the MD0 sample (mod-
ified by NH3), the characteristic peak of the nanoclay 
is shifted to 2θ=3.34° corresponding to an interlayer 
spacing of 26.5 Ả. This observation indicates that the 
distance between the nanoclay layers considerably is 
increased and intercalated structures are obtained. It is 
attributed to effective treatment of nanoclay and po-
lymerization of monomer in the interlayer space. The 
pressure exerted by the PE chains causes separating of 

Figure 3. SEM micrographs of (a,b) M2, (c,d) M4, and (e,f) 
M6.

Figure 4. SEM micrographs of (a,b) D24, (c,d) D48, and 
(e,f) D72.
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the layers, and therefore, to increasing of d-spacing.
In-situ polymerizations on the surface of nanoclay 

treated with NH3/MAO caused to obtain a completely 
disordered structure which was verified by the XRD 
spectra. Therefore, it could be concluded that the ex-
foliation of the platelets was occurred in the M2, M4, 
and M6 nanocomposites. Since the activity of the cat-
alyst obtained by this modification method was much 
higher than the activity of those catalysts obtained by 
the other methods, the high amount of produced PE 
chains increased the interlayer space and generated a 
significant disorder in the structure of the nanoclay. In 
fact, this type of treatment provides the exfoliation of 
the nanoclay through catalyst activation and appropri-
ate growth of the PE chains. Furthermore, the percent-
age of nanoclay in these samples is very low (Table 1) 
and as a result, the possibility of agglomeration of the 
platelets is small.

Among the nanoclays modified with NH3/DDA, 
D48 sample also presented a completely disordered 
pattern, suggesting the existence of exfoliated struc-
ture. The spectrum of the D24 nanocomposite exhib-
ited a peak at 2θ=4.96°. The reason is the low content 
of the polymer produced within the interlayer space, 
which, in turn, applies a small force to separate lay-
ers. In the D72 nanocomposite, the characteristic 
peak corresponding to the modified MMT appeared at 
2θ=2.38° (d-spacing of 37.5 Ả). Therefore, it can be 
said that the degree of intercalation in this nanocom-
posite is higher than that in the MD0 nanocomposite. 

It is deduced that the XRD patterns are in good 
agreement with the results obtained by the morphol-

ogy testes. In other words, the optimum modification 
approach could provide catalyst with high activity and 
productivity, resulting in larger interlayer space and 
good dispersion of layered silicates in the PE matrix.

Dynamic mechanical analysis (DMA)
The temperature-dependency of storage modulus for 
various PE/nanoclay nanocomposites is illustrated in 
Figure 6. According to Figure6a, the elastic modulus 
of the nanocomposites increases by increasing the 
MAO exposure time. Since all of the M2, M4, and M6 
samples showed exfoliated structures, this behavior 
could be attributed to the nanoclay content in the final 
nanocomposite. As it is clear in Table 1, the content 
of produced polymer decreases with increasing the 
MAO exposure time and as a result, the percentage of 
nanoclay in the nanocomposite increases. Therefore, 
the samples with a higher content of modified nano-
clay show higher elastic modulus, because the nano-
clay platelets hinder the movement of the chains. The 
interesting point is that the viscoelastic behaviors of 
the nanocomposites containing Na-MMT modified by 
NH3/MAO are the same. It is originated from the ex-
foliated structure of the layered silicates in these nano-
composites as evidenced by the XRD patterns too.

Figure 6b reveals that the variation of elastic modu-
lus for the D24 nanocomposite (DDA reflux time of 24 
h) completely differs from those for the D48 and D72 
nanocomposites. Additionally, this sample had a much 
higher elastic modulus compared to other samples. 
This observation can be explained by the difference 
in the degree of dispersion and content of the nano-
clay in these samples. In fact, the nanofiller particles 
were in the form of a partially intercalated structure 
for the D24, whereas the D48 and D72 nanocompos-
ites showed a much better dispersion of the nanoclay 
within the matrix. Moreover, the high percentage of 
nanoclay in the D24 (4.1%) due to low catalyst activ-
ity was the origin of high modulus in this nanocom-
posite.

Thermal gravimetric analysis (TGA)
Figure 7 depicts the TGA thermograms of different 
synthesized samples. The residue obtained from the 
thermal degradation of the PE/nanoclay nanocompos-
ites consisted of carbon, nanoclay, oxidized metals, 

Figure 5. X-ray patterns of neat Na-MMT and nanocompos-
ites containing nanoclays.
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and Al(OH)3 (obtained from the decomposition of 
MAO)[45]. As seen in Figure 7a, there are little differ-
ences between the TGA profiles of the nanocompos-
ites reinforced with nanoclay modified by NH3/MAO. 
Nevertheless, the M6 nanocomposite shows a lower 
thermal stability in the temperature range of 100-
400°C. In this temperature range, the weight loss is 
related to the degradation of the modifier of the nano-
clay. Since M6 contains higher nanoclay content, it is 
expectable that higher gaseous products are emitted 
during the thermal decomposition. On the other hand, 
M4 exhibits higher thermal stability (higher Tonset and 
Tmax) in the range of 400-500°C, which corresponds 
to the degradation of the PE chains. It appears that, in 
spite of the lower concentration of the treated nano-
clay in this nanocomposite (0.68%) compared to M6 
(1.08%), the thermal stability of the matrix was im-
proved more efficiently by this nanocomposite due to 
its higher exfoliation degree. The M6 nanocomposite 
shows higher ash content than other samples due to 

higher percentage of nanoclay in this sample. 
From the TGA thermograms (Figure 7b), it is obvi-

ous that the D24 nanocomposite possesses the lowest 
decomposition temperature and the highest ash con-
tent. This could be related to the poor dispersion of 
the nanoclay in the PE matrix. Therefore, the nano-
clay particles couldnot act as barriers during the TGA 
test. Also, the presence of stacked layered silicates 
can cause accumulation of heat in the matrix leading 
to accelerated degradation [46].Therefore, the TGA 
results can be used to conclude that there are more 
agglomerates than individual layers in this nanocom-
posite. It is well known that nanoclay has two opposite 
effects on thermal degradation of the polymer nanoco-
mosites. The first one is the barrier effect of platelets 
that enhances thermal stability of the matrix, whereas 
the second one correlates with the catalytic or promot-
ing effect that intensifies degradation. At low nano-
clay content, the barrier effect is stronger owing to 
appropriate dispersion of the layers. Catalytic effect is 

Figure 6. Temperature dependence of storage modulus for 
(a)M2-M6 and (b) D24-D48.

(a)

(b)

Figure 7. TGA thermograms of (a)M2-M6 and (b) D24-D48.

(a)

(b)
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dominant at high contents [47]. Therefore, it appeared 
that the catalytic effect decreased the thermal stability 
of this nanocomposite because of high concentration 
of nanoclay (4.1%) in the nanocomposite.

The D48 and D72 nanocomposites had higher ther-
mal stability compared to D24 sample. As explained 
earlier, they showed exfoliated and highly intercalated 
structures, respectively. In fact, the barrier effect of 
the modified Na-MMT prevents the decomposition of 
PE matrix, leading to increase in the Tonset and Tmax for 
D48 and D72 samples. In other words, the polymer 
chains close to the nanoclay sheets degrade slowly. 
Therefore, the more efficient the barrier effect, the bet-
ter is the dispersion of the nanoclay. 

Differential scanning calorimetry (DSC)
The melting behavior of the nanocomposites is shown 
in Figure 8. Also, the characteristic data including 
melting temperature (Tm), melting enthalpy (ΔHm), 
and degree of crystallinity (Xc) are presented in Table 
2. The degree of crystallinity of PE was calculated 
based on the following equation:

100%
H
HX

m

m
c ×

∆
∆

=
       (2)

Where ΔHm is the measured melting enthalpy of the 
sample and ΔHm

0 is the melting enthalpy of 100% 
crystalline PE (293 J/g [48]). It can be seen that the 
melting temperature and degree of crystallinity of the 
M2 and M4 nanocomposites are very close to each 
other. By increasing the MAO exposure time to 6 h 
(M6), the melting temperature increases and the de-
gree of crystallinity decreases. Moreover, the degree 
of crystallinity of D24 nanocomposite is lower than 
those of the other nanocomposites filled with nanoclay 
treated by NH3/DDA. Similar to the thermal stability, 
layered silicates influence the crystallization behav-
ior of nanocomposite through different mechanisms: 
(1) nanoclay can act as nucleating agent and help to 
create perfect crystallites and increase their numbers. 
(2) The interaction between the nanoclay and poly-
mer chains hinders movement of the macromolecules 
and decreases their crystallization [16, 49]. Nanoclay 
loading and dispersion level are the factors determin-
ing the competition between these mechanisms. It has 
been reported that high nanoclay loading is in favor of 

the second mechanism [50]. So, higher percentage of 
the nanoclay in D24 sample causes less growing of the 
crystallites. However, this sample showed the high-
est melting temperature. It is due to the formation of 
much thicker lamellar structures. Similar observation 
has been reported by Lee et al. [51] for the PE/ clay 
nanocomposites prepared by melt processing.
The interesting finding is that the degree of crystallin-
ity of the nanocomposites containing nanoclay modi-
fied by NH3/MAO is higher than those of the samples 
treated with NH3/DDA. It could be ascribed to the dif-
ferences between the dispersion levels of the nanoclay 
in these nanocomposites. M2-M6 samples which have 
low nanoclay contents showed exfoliated structures, 
whereas D24-D72 nanocomposites which have high 
nanoclay contents were less exfoliated/or intercalated 
structures. Therefore, it is reasonable that the former 
category has higher degree of crystallinity. For the lat-
ter group, the effects of the aforementioned mecha-

Figure 8. Melting behavior of (a)M2-M6 and (b) D24-D48.

(a)

(b)
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nisms are counteracted or even the second mechanism 
dominates.

Rheological properties
Investigation of the rheological properties can provide 
useful information on processability of the prepared 
nanocomposites. Figure 9a shows the complex vis-
cosity of the samples as a function of frequency. As 
observed, the order of the samples according to their 
complex viscosity values at low frequencies are as fol-
lows:

M6>D48>D72>M2>D24>M4

The two factors that should be considered to interpret 
the results are dispersion and content of the nanoclay. 
According to the results deduced from the XRD pat-
terns, all of the nanocomposites containing nanoclay 
modified with NH3/MAO (M2-M6) showed exfoli-
ated structures and M6 sample possessed the highest 
nanoclay content (1.08 %). Therefore, it had the high-
est complex viscosity at low frequencies. The curve 
slope at low frequencies for M6 is higher than those 
for the other samples. Furthermore, this nanocompos-
ite showed a strong shear-thinning behavior. In fact, 
the presence of the nanoclay particles in the polymer 
matrix increased the viscosity at low frequencies. On 
the other hand, high shear rates force the layered sili-
cates to align parallel to the flow direction and as a 
result, the viscosity is reduced [46, 52]. Therefore, M6 
with the highest clay content showed the highest vis-
cosity among the samples. Also, at high shear rates, 
the alignment of the nanoclay particles is more wide-
spread for M6 nanocomposite than the other samples, 
leading to a significant loss in viscosity.

Also, the nanoclay particles were exfoliated and in-
tercalated in D48 and D72 nanocomposites, respec-
tively, whereas the nanoclay content was higher in the 
latter one. However, the D48 had a higher complex 
viscosity than that of the D72. Although, M2 and M4 
samples had a good dispersion of the nanofiller in the 
PE matrix, but a very low concentration of the nano-
clay led to low values of complex viscosity. Moreover, 
in spite of the high nanoclay content in the D24, a rel-
atively low complex viscosity was obtained for this 
nanocomposite due to weak dispersion of the nano-

clay. The results suggest that a good degree of disper-
sion and nanoclay content ≥~1 % can result in high 
melt viscosity.

Figure 9 (b, c) shows storage and loss moduli of the 
nanocomposites. The trends observed for the storage 
and loss moduli are the same as those observed for the 
complex viscosity. M6 nanocomposite shows a solid-
like behavior at low frequencies with the highest stor-

Figure 9. Complex viscosity, storage modulus and loss mod-
ulus of nanocomposites.

(a)

(b)

(c)
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age modulus and the lowest frequency-dependence. It 
can be ascribed to the formation of high density net-
work of nanoclay platelets in the matrix that increases 
the elasticity of nanocomposite [35].

CONCLUSION

In this work, PE/clay nanocomposites were prepared 
by in situ polymerization and the influence of nano-
clay modification method on the final properties of re-
sultant nanocomposites was comprehensively studied. 
Increase in the MAO exposure time caused a loss in 
the yield of the PE and its molecular weight. Also, by 
increasing the DDA reflux time, the aforementioned 
parameters were first increased and then decreased. 
Due to the differences between the activity of the cat-
alysts, and the interaction between the polymer and 
modified nanoclay, different XRD patterns were ob-
served. In fact, treatment of the nanoclay with NH3/
MAO provided exfoliated structures through appro-
priate catalyst activation. An exfoliated structure was 
also obtained by modification with DDA for the reflux 
time of 48 h, whereas other reflux times led to inter-
calated structures. Morphological observations were 
in a good consistency with the results of productivity 
and molecular weight measurement. Degree of frag-
mentation for the M2 was higher than that for D48 
nanocomposite due to its higher yield and molecular 
weight. The dynamic mechanical behavior and ther-
mal degradation of D24 nanocomposite were distinct 
from those of D48 and D72 samples. It was originated 
from poor dispersion of the nanoclay in the matrix. 
On the contrary, M2-M6 samples showed similar be-
havior due to their similar in the morphology of ncno-
clay. Furthermore, degree of crystallinity of the nano-
composites containing nanoclay modified by NH3/
MAO was higher than those of the samples treated 
with NH3/DDA due to their lower content and exfo-
liated structures. The highest complex viscosity and 
storage modulus at low frequencies were observed for 
M6 because of good dispersion and relatively high 
amount of nanoclay in this nanocomposite. According 
to obtained results, it is concluded that modification 
conditions and chemical nature of the modifiers can 
considerably influence the polymerization, and activ-

ity of the catalyst system, structure and morphology of 
the prepared nanocomposite and as a result, properties 
of the product.
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