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1. INTRODUCTION

The use of polypropylene (PP) has been 
increasing during the last years. The global 
production of PP in 2016 was about 56.4 MMT 
and for 2021 an increase up to 75 MMT is 
expected with an annual increase near to 5% [1]. 
Asia has the largest market and it is promoted 
by the automotive industry. As reported in 2009, 
the market size of polymer nanocomposites for 
industrial purposes is estimated to be 48 million 
pounds [2]. The markets for PP are dominated by 
�exible and rigid packaging (37%), followed by 
automotive, electric/electronic, and appliances 
(21%) [3]. 

Current efforts towards the achievement of 
improved properties in materials are related to 
composites. Composites are accepted as the future 
of materials. Polymeric materials are reinforced 
with natural or synthetic inorganic compounds 
to improve their physicochemical properties 
or just to decrease the cost of the raw material. 
Conventionally,  reinforcements of polymer 
composites are done with particles or er�bers 
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[4], to improve mechanical properties (tensile 
strength, Young´s modulus, etc), and resistance 
at high temperatures, electrical conductivity, 
resistance to gas permeability, biodegradability, 
�ammability among others [5]. 

Polypropylene (PP) has been extensively 
used in packing, household items and especially 
in last decades in automotive industry given its 
versatility, low cost, recycling properties, and 
processability. However, the use of pure PP has 
been limited in the thermoplastic industry by its 
low modulus and impact resistance, especially 
at low temperature or high strain loads [6]. 
This issue has motivated the search for new PP 
composites with improved properties. On the 
other hand, zeolites are hydrated aluminosilicates 
formed by tetrahedrons of [SiO

4
]4- [AlO

4
]5- and 

these materials have multiple applications in soil 
remediation, agriculture, membranes, among 
others [7]–[9].

N. Bukit [10] studied the mechanical and 
thermal properties of polypropylene reinforced 
by calcined and uncalcined zeolite. The authors 
found that Young’s modulus did not increase 
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when zeolites were added to polypropylene. 
However, tensile strength improved when zeolites 
were added to the polymer.  Additionally, the 
authors stated that Young’s modulus is linearly 
proportional with tensile strength. Nevertheless, 
the authors did not discuss the improvement 
mechanisms of mechanical properties. 

Adloo et al. [11] report in a recent work, 
the improvement of electrical conductivity and 
�exural strength properties of PP bipolar plates 
by the use of PP composites and carbonaceous 
materials speci�cally graphite, graphene and 
carbon black, by modifying the properties of 
studied materials. Other PP composites using 
graphene structures have been widely used in the 
search of new applications or better performance 
of this kind of materials [12].

L. Zhang et al [13], studied the use of 
nanocomposites of polypropylene, showing 
the effectiveness of nano-SiO

2
 to harden and 

strengthen the polymeric matrix. Similar results 
were reported in a recent work published by 
Watanabe and col [14] where polypropylene 
compounds were fabricated using silica 
nanospheres. The authors found that some 
mechanical properties were higher than those 
obtained with the raw PP studied polypropylene 
modi�ed with silica nanoparticles. They 
identi�ed several mechanisms of interaction of 
nanoparticles with composite [15]. On the other 
hand, since thermal properties are important to 
process polypropylene, the same authors studied 
melt temperature and other thermal properties. 
The authors found that all samples (with or 
without zeolites) melt at the same temperature 
and, the higher the amount of zeolite added, the 
higher the enthalpy of the sample. 

In this work, composites of PP modi�ed with 
nanostructured ZSM-5 zeolites were prepared 
and their thermal and mechanical properties were 
evaluated.  The study was done to evaluate new 
materials with improved properties having in mind 
that zeolites are abundant and that polypropylene 
is a very common polymer in the industry. The 
synthesized and the obtained composites were 
studied by �eld emission scanning electron 
microscopy, X-ray diffraction, Nitrogen and 
CO

2 
isotherms, thermo-gravimetric analysis, and 

mechanical tests.

2. METHODOLOGY

2.1. Synthesis of Zeolites

Zeolites were synthesized by the hydrothermal 
method reported by Narayanan and col [16]. 
Tetraethyl orthosilicate (TEOS, Si(OC

2
H

5
)

4
, 98% 

of purity Sigma – Aldrich), was used as silicon 
source, aluminum isopropoxide ((C

9
H

21
AlO

3
) 

98% of purity Sigma – Aldrich), a source of 
aluminum, as organic directing-structure agent 
Tetrapropylammonium Hydroxide ((TPAOH) 1M 
Sigma – Aldrich) was used while deionized water 
was added in all process steps. During synthesis, 
the crystallization time of zeolites was modi�ed 
to evaluate the effect of that parameter on zeolites 
properties.  The crystallization time was controlled 
in 24, 48 and 120 hours.

2.2. Characterization

Zeolites morphology was characterized in 
a JEOL 7100F FEG-SEM at the Microscopy 
Laboratory of Instituto Tecnológico Metropolitano 
(ITM), Medellín, Colombia. All images were 
obtained using secondary electron (SE) detector. 
Infrared (FTIR) analysis was done using a 
Shimadzu IRTracer-100 spectrometer. Spectra 
were acquired in ATR mode with 16 scans at a 
resolution of 4 cm−1 over the 4000–600 cm−1 
spectral region.

X-ray diffraction (XRD) was used to verify 
the crystallinity of commercial and synthesized 
ZSM-5 zeolites. XRD patterns were obtained in a 
PANalytical X’Pert Pro diffractometer with Cu Ka 
radiation and a detector 2-D Pixcel. Spectra were 
taken from 0 ° and 120 ° at 1 degree per minute. 
Nitrogen and CO

2
 adsorption and desorption 

isotherms at 77 K were obtained in order to 
determine the textural properties (surface area, 
micropore volume, distribution of pore sizes) of 
the synthesized and commercial zeolites. Tests 
were done using in a Micromeritics ASAP 2020 
analyzer. Before the adsorption, samples were 
subjected to a degassing treatment in vacuum 
at 250 ° C for 5 hours in order to eliminate any 
initially adsorbed compounds on its surface. 

Thermogravimetric and differential scanning 
calorimetry analyses were performed on a Q600 
SDT TGA thermal analyzer (TA instruments). 
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During TGA analysis, nitrogen was used at a �ow of 
100 mL/min.  A sample was weighed between 10 to 
20 mg while sample was placed in the sample holder 
of the equipment, in this case, alumina capsules. For 
the analysis, a temperature ramp was used from 
room temperature to 50 °C in order to stabilize the 
environmental conditions of the sample and at this 
temperature, an isotherm was applied for 5 minutes. 
TGA / DSC analysis was done from 50 to 600 °C at 
a heating rate of 20 °C/min.

2.3. Composites fabrication 

Low-density polypropylene was used for the 
matrix. Functionalization was done with maleic 
anhydride (95% Sigma – Aldrich) and as an 
indicator of the reaction dicumyl peroxide (98% 
Sigma – Aldrich) was added. The functionalization 
was done by placing 42 g of PP in rheometer 
chamber protected with a nitrogen atmosphere 
at 200 ºC and after two minutes of melting time, 
2.5 g of maleic anhydride and 0.25 g of dicumyl 
peroxide were added. The melted polymer 
was mixed for 3 minutes. After performing 
functionalization, tests were done to verify that the 
polymer was successfully functionalized following 
the procedure presented by Guzmán et al [17], and 
the results obtained by back titration showed that 
5% of functionalization was achieved.

After polymer functionalization, composites 
were prepared by melt-mixing of PP 
(polypropylene) and the ZSM-5 particles using a 
Thermo Scienti�c torque rheometer equipped with 
a rotary mixer in a mixing chamber of 120 cm3. 

The process was done at 190 °C, with rotational 
speed of 60 rpm for 8 min.

Once the composite was obtained, samples 
were crushed in a rotary blade crusher to obtain 
pellets of functionalized polymer with zeolites. The 
pellets were located in a mold for 3 minutes at 220 
°C. After that, a molding pressure of 10 MPa was 
applied to composites for two minutes at the same 
temperature. Subsequently, the upper mold was 
released to allow trapped gases to escape from the 
mold and �nally, the molding pressure was applied 
again for one minute.  Sample sheets of 300x80x4 
mm were obtained and they were used to evaluate 
mechanical and thermal properties. After obtaining 
sheet specimens, tests samples for mechanical 

evaluations were obtained by machining.

2.4. Physical-chemical characterization of composites 

Infrared analysis (FTIR) was done to evaluate 
functionalized and composites. After obtaining 
the composites, samples were crushed and DSC 
tests were performed to determine transition 
temperatures, fusion and crystallization enthalpy. 
ASTM D3417 and ASTM D3418 standards were 
used to evaluate those properties. The topography 
of composites was evaluated using a scanning 
electron microscope.

Before mechanical testing, the samples 
were visually inspected. Size, color, porosity, 
and deformation were registered. Tensile tests 
according to ASTM D638 were performed in a 
Shimadzu AGX100 universal tester in polymers 
laboratory of Instituto Tecnológico Metropolitano. 
From tensile tests, ultimate tensile strength, tensile 
strain at tensile strength (as de�ned in ISO 527-1 
Standard) , and tensile chord modulus of elasticity 
were calculated. A strain range of 0,003 to 0,005 
was used for chord modulus calculation. 

3. RESULTS

3.1 Characterization of zeolites 

Morphology and the microstructure of 
synthesized zeolites were obtained by SEM analysis. 
Particle size distribution was also determined from 
the SEM images using appropriate software for this 
purpose. Fig. 1, shows the SEM images and the 
particle size distribution of synthesized materials 
with different crystallization times and commercial 
zeolite. The results showed that the synthesized 
particles have a cylindrical shape. From the SEM 
images, it could also be observed that commercial 
zeolites have an elongated heterogeneous structure. 
Cuboidal structures are favored when organic 
templates as n-butylamine, ethylene diamine, and 
tetrapropylammoniun hydroxide are used, in our 
case TPAOH was used as the template explaining 
the obtained structure [18]. 

The morphology obtained by the commercial 
zeolite is in agreement with the literature. It has 
been reported that, when the particle size is larger, 
the zeolites are more irregular and elongated 
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shapes are expected [19].  
For synthesized zeolites, an increase in the 

particle size with the increase in the crystallization 
time was evidenced (see Fig. 1). The average 
particle size of synthesized zeolites after 24, 48 
and 120 hours of crystallization are 174 nm, 210 
nm, and 264 nm, respectively. Generally speaking, 
the distribution of the particle size increased with 

the crystallization time. Additionally, when the 
crystallization time is shorter, the distribution 
is narrower. Similar results were presented by 
Baradaran and col [20], who reported an increase 
in the average particle size, with the increase in 
the crystallization time. 

X-ray patterns of synthesized zeolites are 
presented in Fig. 2. In all cases, the presence of 

Fig. 1. SEM images and particle size distribution histogram of synthesized and commercial zeolites. 

a) ZSM-5 24h (40000X), b) ZSM-5 48h (30000X), c) ZSM-5 120h (30000X), d) commercial zeolite (30000X). 
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zeolite ZSM-5 was con�rmed. The characteristic 
peaks at 2� values of 7,9°, 8,8°, 14,7°, 23,1°, 
23,7°, 23,9° and 24,4° are related to crystalline 
planes [101], [020], [301], [051], [303], [313] and 
[610] with spacing values of d = 1.1; 1.0; 0.60; 
0.382; 0.385; 0.37 and 0.36 nm, respectively . 
These values were completely indexed with the 
structural pattern of ZSM-5 zeolite JCPDS 01 – 
079 – 1638, in the database of the software X’ 
Pert High Score, and they are in agreement with 
other reports for this material [21], [22]. The 
peaks observed for commercial samples were 
very similar to those reported by the synthesized 
zeolites.

 Relative crystallinity was calculated by 
summing of peaks area between 23,0 and 24,5º. 
After that, the obtained value was compared with 
the sum of the same peaks for a pattern of 100 % 
crystalline phase obtained from the software used 
for the analysis  [23]. 

The crystallinity of synthesized samples was 
38, 55 and 67% for the zeolites with 24, 48 and 
120 h of crystallization time, respectively. Also, 
the average crystallite size calculated using the 
Debye-Scherrer equation was 28.4, 33.9 and 
43.8 nm, respectively. It must be emphasized 
that every particle shown in Fig 1 is composed 
of several crystallites and accordingly, the 
particle size did not correspond to the crystallite 
size. The obtained values are in agreement 
with the reported values by Narayan et al. [16], 
in analogous conditions. This result clearly 
evidences the importance of crystallization time 
in the morphology of synthesized materials. 
Summarizing, when crystallization time 
increased crystal size also tended to increase and 
these results are in agreement with the literature 
[20], [24].

In order to con�rm the ZSM-5 structure, FT-IR 
analysis were conducted. Fig. 3, shows the spectra 

Fig. 2. XRD patterns of the ZSM-5 zeolites synthesized by the three distinct crystallization time. 
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of the synthesized zeolites and commercial one. 
From Fig. 3, it is possible to observe the typical 
vibration peaks of MFI-type zeolite. In the infrared 
spectrum two main regions are evidenced, the �rst 
one above 2500 cm-1 with a broadband present in 
all cases and with peaks at 3447 and 3640 cm-1 
related to strongly bonded zeolitic water [22], the 
second region from 2000 cm-1 to 500 cm-1, with 
the typical peaks at 543 and 792 cm-1 attributed 
to pentasil framework vibration and Si-O-Si 
symmetric vibration, respectively could also be 
observed. On the other hand, peaks at 1111 and 
1226 cm-1 are assigned to asymmetric stretching 
of Si-O-Si [25]. In sample ZSM-5 24h peaks are 
not well de�ned, and the intensity ratio is quite 
low when it is compared to the bands of the other 
samples indicating that the molecules are not 
completely formed at this point.

Textural properties as surface area, pore volume, 
and average pore diameter were characterized by 
nitrogen and carbon dioxide adsorption isotherms. 

In all cases, isotherms with type IV (IUPAC 
classi�cation) typical of mesoporous materials 
with small hysteresis loops were obtained. Table 
1 resumes the results obtained from this analysis. 
Textural characterization (Table 1) shows that 
synthesized zeolites have a pore volume between 
0.18 and 0.24 cm3/g with BET surface area 
between 261 to 337 m²/g, that is in agreement 
with values in other reports of the literature 
for HZSM-5 MFI type structures [26]. These 
results indicate that synthesized materials have 
an elevated microporosity and small inter-crystal 
mesoporosity probably due to the agglomeration of 
the crystals [27]. Table 1 resumes the main textural 
and structural properties obtained from BET and 
XRD analysis. In addition, the crystallite size 
described in table 1 is different from the particle 
size as explained before. The increment in the size 
of the pores resulted in a larger surface area. 

Thermogravimetric analysis was done for all 
synthesized samples. From the TGA results (not 

Fig. 3. FTIR spectra of synthesized ZSM-5 zeolites and commercial zeolite.
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shown), all samples showed a similar thermal 
behavior. Speci�cally, two thermal events were 
evidenced, a �rst weight loss in a range from 
25 ºC to 150 ºC in all samples associated with 
physisorbed water and strongly adsorbed mainly 
physi or chemisobed. This result is in agreement 
with results obtained by the FTIR analysis where 
a strong vibration of water molecules adsorbed in 
the structure of the zeolites was identi�ed. The 
amount of water uptake was very similar in all 
samples, and just small differences near 1% of 
weight loss were obtained for the water uptake 
of all the samples with different crystallization 
times. 

A second thermal event was identi�ed from 
200 to 500 ºC with a small decay in the weight of 
all the samples of just 2%, this decomposition is 
associated with the total removal of the organic 
template structure TPAOH in this case. In all 
cases, zeolites were thermally stable from 500 ºC 
to 1000 ºC [28]. 

Since the highest surface area was obtained 
for zeolites after 48 hours of crystallization time, 
those conditions were selected to study the effect 
of the addition of the nanostructured particles on 
the mechanical and thermal properties of the PP.  

3.2. Physical-chemical characterization of 

composites

3.2.1. Mechanical characterization

Fig. 4 shows the results of Young’s modulus. 
Modulus of elasticity of composites increased 
when it is compared to the pure polypropylene. 
The largest increase in elastic modulus was shown 
when the composite was prepared with 5 wt. % 
of zeolites. Young’s modulus increased by 14% 
when it is compared to PP. When polypropylene 
is reinforced with commercial zeolites 822, the 

improvement was observed only with an addition 
of 1 wt. % of zeolites. This behavior could 
be attributed to morphological characteristics 
of the commercial zeolite. As mentioned, the 
morphological characteristics of commercial 
zeolites differ from the synthesized zeolite. Crystal 
size, surface area, and elongated morphology 
could in�uence the interaction between the matrix 
and the reinforcing agent. 

Furthermore, when 3 and 5 wt. % of 
commercial zeolite are added to the composite, 
Young’s modulus tends to decrease. According 
to the literature, the formation of voids around 
the particles could reduce mechanical properties 
since the bonding between the zeolite particles 
and the polypropylene matrix is not satisfactory 
[29]. The improvement of Young’s modulus has 
been reported before and it strongly depends 
on the morphological characteristics of the 
nanostructured particles used as a reinforcing 
agent. Size, concentration, shape, and dispersion 
of the nanostructured particles are parameters 
affecting the mechanical properties of composite 
materials [30], [31].

Fig. 5, shows a signi�cant decrease in the strain 
at break of polypropylene with ZSM-5 zeolites 
compared to commercial pure polypropylene. The 
decrease in ductility evidenced for polypropylene 
/ ZSM-5 matrix was obtained since the particles 
block the mobility of the polymer chains during 
deformation. According to Fig. 5, the strain 
at break tends to decrease with the increase in 
the amount of nanostructured particle added 
to the polymer. The particles also reduced the 
viscoelastic behavior of the polymer. Sarkar & 
Alexandridis, 2004 reported that viscoelastic 
behavior is the result of competition of two 
characteristics: free volume in the polymer 
due to a density pro�le inhomogeneous on 
the surface of the nanostructured particle and 

Table 1. Textural and structural properties of commercial and synthesized zeolites.

Sample
Crystallinity

(%)

Average crystal-

lite size (nm)

Average parti-

cle size (nm)

BET surface 

area (m²/g)

Pore 

volume 

(cm3/g)

Average pore 

size diameter 

(nm)

24 38 28 174 261 0,18 3,8

48 55 34 210 337 0,22 8,3

120 67 43 264 308 0,24 7,6
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Figure 4. Young´s modulus of modified zeolites and pure polypropylene.

Fig. 5. Strain at the break of modified zeolites and pure polypropylene.
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also to the nanoparticle increasing the chain 
mobility and anchoring effects on the surface of 
the nanostructured particle or nanoparticle that 
partially block the movement of the chain [30]. 

3.2.2. Thermal characterization

In order to study thermal properties of the 
composites the polymer charged with the highest 
and the lowest percentage of commercial and 

synthesized zeolite were studied by DSC analysis. 
Fig. 6, shows the �nal weight loss in all samples, 
this is an indicator that the right amount of zeolites 
was effectively incorporated to the polymer since 
in all cases the remaining weight corresponds to 
the percentage of load, taking into account the 
residual weight for the pure polyethylene. 

Fig. 7, shows the degradation temperature of the 
composites with commercial and synthesized zeolites 
in different percentages against the pure polymer. 

Fig. 7. Degradation temperature of the composites loaded with commercial and synthesized zeolites (1% and 5 wt. %). 

Fig. 6. Weight loss of the composites loaded with commercial and synthesized zeolites (1% and 5 wt. %). 
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In all cases the degradation temperature was 
lower compared with the pure polymer, this effect 
was most noticeable with the increase of the load 
percentage, speci�cally for the samples with 5% 
of zeolite. From the thermograms (not shown) it 
was observed that the beginning of the thermal 
degradation was delayed when particles were 
added to the polymer, nevertheless the velocity 
of degradation is higher due to the catalytic effect 
of the zeolites [32]. This result could also be 
related to the morphology of zeolites, where the 
commercial zeolites with the elongated structure 
can favor the polymer degradation process.

Table 2, summarizes the most important 
values obtained by TGA-DSC analysis of the 
composite. From this table, it is clear that no 
signi�cant changes in the thermal properties of 
the composites were obtained [30]. 

4. Conclusions
In this work, ZSM-5 “zeolites with different 

crystallization times were synthesized. An 
increase in the particle size and crystallinity for 
longer crystallization time was evidenced. Based 
on surface area and pore volume results, the 
sample with crystallization time of 48 hours, was 
found to be the best zeolites to study its effect on 
mechanical and thermal properties of the PP.  

Composites of PP with synthesized and 
commercial zeolites were prepared for comparison. 
The highest Young`s modulus was obtained for 
composite with 5 wt. % of synthesized zeolite. 
The strain at break was reduced when the particles 
were added to the polymer since the particles 
block the mobility of the polymer chains during 
deformation.

In all cases, degradation temperature of 
composites was lower compared to pure polymer 
and the effect is improved with the amount of 
zeolite added. This could be of great advantage 
in the recycling process. However, no signi�cant 
modi�cations were found on the other thermal 
properties. 
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