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ABSTRACT 

A series of experiments on the synthesis of poly (ethylene terephthalate) (PET)/organo-montmorillonite 

(MMT) nanocomposites were carried out in a pressurized reactor using alkyl ammonium exchanged 

smectite clays, (Closite 30B). Given the degradation of organoclay at high temperatures, the in situ 

polymerization process was carried out at mild temperatures ranging from 210 to 230C for 40 

minutes followed by solid state polymerization (SSP) at 245C for 30 minutes at a pressure of 5 

mbar. The nanocomposites were prepared using different weight percentages (1-5) of organoclay. 

The reaction completed when the mixing torque ceased to change as recorded by the auto data 

acquisition system of the pressure reactor. The DSC analysis provided information on the course of 

the thermal characterization of the PET nanocomposites versus regular PET. As shown by the 

results of DSC cooling scan, all the PET nanocomposite samples have higher crystallization 

temperatures (Tc) and faster crystallization rates (∆HC/t) compared to regular PET. Furthermore, the 

opposite behavior is observed for t1/2. This is due to the fact that the nucleation of organoclay 

nanoparticles reduces the crystallite size in the PET nanocomposites. The XRD results indicated that 

the peaks in the 2θ angle from 1 to 7 were disappeared, which is an indication of an exfoliated 

MMT. In addition, The atomic force microscope (AFM) results showed broken mirror like lamellae, 

confirming the exfoliated results of the XRD analysis. The peaks are indexed according to the 2θ 

angle from 10 to 30 known assignments of the triclinic unit cell dimensions for PET. The 

comparative crystallite size of the PET nanocomposites samples (1-5%wt organoclay) can be 

deduced from the peak ratio change of 2θ angle from 10 to 30. Heat distortion (or deflection) 

temperature (HDT) was enhanced by increasing the amount of organoclay in PET nanocomposites 

compared to regular PET. The tensile test results of 2%wt organoclay show an increase of 58% in 

the tensile strength of this sample. As a result of MMT agglomeration, due to the high temperature 

instability of Closite 30B, the relative oxygen pressure drop data shows fluctuations. However, as an 

overall trend, PET nanocomposite gives about 50% greater reduction in O2 pressure drop or relative 

oxygen permeability compared with a homo structure. 

Keywords: Poly (Ethylene Terephthalate), Montmorillonite, Nanocomposite, Exfoliated, In situ 

Polymerization. 
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INTRODUCTION 

Incorporating organo MMT aggregates to form 

nanocomposites is a very important method to 

significantly improve certain polymer properties. 

The final properties of the nanocomposites are 

affected by their morphology [1]. In general, by 

increasing the aspect ratio of the MMT, the 

interfacial bonding and the polymer matrix 

reinforcement are improved [2]. 

Annually, 800,000 tons of poly (ethylene terephthalate) 

are produced in Iran. An extensive research interest 

has lately evoked the preparation of various novel 

polymer-organo-Montmorillonite (MMT) nano-

composite materials with advanced physical, 

thermal, and mechanical properties. The layered 

silicate can act as a nucleation agent [3, 4]. PET 

nanocomposite prepared by in situ poly-

merization using organoclay (Closite 30B) 

produces materials of advanced gas barrier 

properties [5], thermal stability [6], and mechanical 

strength [7,8]. Although in situ technique presents a 

high potential route for the dispersion of the 

layered silicate in the polymer matrices at nano 

meter scale, it suffers from some drawbacks [9]. 

Direct condensation reactions of diol and diacid 

functional groups in the presence of clay result 

in the generation of low molecular weight 

polymers, whereas the synthesis of the 

nanocomposites by melt intercalation approach 

only gives a small extent of polymer intercalation in 

the interlayer of organoclay. Due to the better 

dispersion of the layered silicate in the polymer 

matrices and thus more interaction between 

Closite 30B functional groups with PET, the in 

situ technique accompanied with solid state 

polymerization (SSP) was developed. The 

combination methods of solution intercalation [11] 

and melt polymerization process [12-15] of PET 

nanocomposites were studied in our previous 

work [10]. The novelty of the this work is that 

the layered silicate has been added to the 

polymer matrices after the octamer formed via in 

situ polymerization in order to solvate a small 

extent of polymer intercalation. Although melt 

polymerization can increase molecular weight 

higher than viscosity value (0.80 dL/gr), this process 

can cause resin quality problems due to the 

degradation caused by high temperatures and long 

reaction times. Such melt polymerization is 

performed at moderate temperature and short 

residence time. SSP is then carried out for reaction 

completion under relatively moderate thermal 

conditions. The important roles of SSP are 

increasing the molecular weight with less thermal 

degradation than melt phase polymerization and to 

reduce the contents of by-products such as 

acetaldehyde and oligomers. The normal SSP 

temperature is 200 ~ 230C [16].  Apart from this 

study, PET nanocomposites were investigated by 

combined DSC, XRD, and AFM measurements to 

characterize the morphology and properties of 

those products. In this work, triclinic crystalline size 

decreases as a result of organo–MMT addition 

followed by the XRD and AFM for the first time. 

EXPERIMENTAL PROCEDURES  

Materials  

PET oligomers (with DP=12 and 
int

  =0.24 Intrinsic 

Viscosity deciliter/gram), bis(2-hydroxylethyl) 

terephthalate, antimony trioxide and acetate as 

catalysts, cobalt acetate as a colorant, antifoam, metal 

stabilizer and antioxidant were received from Shahid 

Tondgooyan Petrochemical Company (Iran). 

Organo-modified montmorillonite Closite 30B 

was supplied by Southern Clay Co, USA. The 

chemical structure of the organomodifier is 

shown in Figure 1. 

H3C N

CH2CH2OH

T

CH2CH2OH

+

T=Tallow
 

Figure 1: Chemical structure of organomodifier used 

in Closite 30B. T is tallow (65% C18; 30% C16; 5% C14). 
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In Situ Polymerization of PET/Organo-MMT 

Nanocomposites 

Synthesis of organoclay MMT/PET  nanocomposite 

using Closite 30B was performed in a Buchi pressure 

reactor shown in Figure 2. The SSP process of PET 

nanocomposite included two stages, namely 

drying at 170C for one hour and stepwise 

polycondensation process at temperatures of 

210-230C for 40 minutes. Subsequently, the 

reaction mixture was ground to pills of about 0.3 

mm particle size and then the SSP of chips was 

carried out at 245C for 30 minutes at a 

pressure of 5 mbar. The reaction was carried out 

at different organoclay weight percentages (2, 3, 

4, and 5) and the product was characterized 

using XRD, AFM, and DSC. 

The viscosity of PET nanocomposite samples and 

subsequently the reaction times were controlled by 

monitoring the torque used for the stirring of Buchi 

reactor.  
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Figure 2: Schematic drawing of nano PET in situ 

polymerization reactor. 

XRD Analysis  

The basal spacing of the nanocomposites and 

clays were determined by a wide angle X-ray 

diffraction technique (XRD); (Philips PW 1840, 

Cu, K-α radiation: 1.541 Å). The analyses were 

meant to measure the d-spacing of organoclay 

and the nanocomposites with 1-5 %wt organoclay 

at a scanning rate of 0.02/sec in the range of 

2θ=1-30 at 45 kV and 40 mA.  

AFM Measurements 

Atomic force microscopy (AFM) is a type of scanning 

probe microscopy showing the topography of a 

polymer surface. This technique provides the 

resolutions in angstrom range. The atomic force 

microscope consists of a very fine tipped probe, 

which is positioned several angstroms above the 

surface of the polymer material. The tunneling 

current between the tip of the probe and the 

surface is then measured. The silicon nitride probe 

is attached to a cantilever with a reflective surface. 

A piezo-electric support is applied in order to mount 

the sample and move in response to surface 

changes sensed by the probe. The resulting 

deflections are monitored by the reflected laser 

beam [17]. Measurements can be made in contact 

and rapping modes, with and without the oscillation 

of the cantilever respectively.  

Relative Oxygen Permeability 

The relative oxygen permeability tests of PET nano 

composite films with different clay %wt loadings 

were performed using the cell permeability test 

depicted in Figure 3. These tests were carried out at 

a temperature of about 23C and a pressure of 15 

atm for 30 days. The films were cut to fit the 12 cm2 

area of the test holder of the permeation cell. 

 

Figure 3: Schematic of the experimental set-up for 

measuring the relative oxygen permeability of the 

films. 

O2 
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DSC Analysis 

A Perkin Elmer DSC-7 (Shelton, CT) differential 

scanning calorimeter was used to perform the 

thermal analysis and study the crystallization 

behavior of PET nanocomposites.  

The effects of nanoparticles on crystallization 

behavior of PET polymer were studied through the 

proper weighing of samples (8-10 mg), dried at 110C 

in vacuo overnight, introduced into the DSC, heated 

to 300C, and then cooled to 40C at a cooling rate of 

10C/min under a nitrogen atmosphere.  

As the crystallization peak is symmetrical in 

nature, the half crystallization time (t1/2) of non- 

isothermal cooling can be obtained using the 

following equation [18]. 

t1/2 = (Tc,on –Tc) / χ  

where t1/2 represents the time required for the 

nanocomposites to reach 50% relative degree of 

crystallinity; Tc,on is the crystallization onset temperature 

(temperature at which the thermograph initially 

departs from the baseline), and Tc is the 

temperature where the exotherm shows a peak; χ 

is the cooling rate (C/min). This was used to 

evaluate the initial rate of PET nanocomposite 

crystallization. Since the layered silicate can act as 

a nucleating agent [3, 4], the t½ values of the 

nanocomposites are smaller than those of pure 

PET [19]. 

RESULTS AND DISCUSSION 

Polymerization  

In situ polymerization process at 275C for two 

hours reduces the nanocomposite quality as a result 

of the agglomerations shown in Figure 4. These 

agglomerations appear on the surface of reactor 

due to the production of degraded clay, coming 

from severe polymerization conditions. In order to 

reduce clay agglomeration in the nanocomposites, 

moderate reaction time and temperature should be 

applied. 

 

Figure 4: The stained product due to the degraded 

organomodified clay is shown inside the circle. 

The thermal degradation of the nanocomposites 

can be followed by the stained product or IR 

spectroscopy via increasing the carboxyl and 

decreasing the hydroxyl end group concentrations 

at 3268 cm-1 and 3545 cm-1 respectively [20]. The 

product contamination, shown in Figure 4, was 

removed by the implementation of SSP under mild 

processing conditions.  

Using SSP method, molecular weight can be 

increased with thermal degradation less than melt 

phase polymerization and an inherent viscosity 

increase from 0.59 to 0.70, as shown in Table 1. 

The SSP reaction temperature is normally about 

220C and can be increased up to 245C according 

to melting point of the growing PET molecular 

length. 

Table 1: Inherent viscosity (dL/g) of PET and Nano PET (ASTM D 4603– 96). 

PET 

Octamer 

PET Industrial chips 

(Shahid Tondgooyan Petrochemical 

Company) 

PET nanocomposite  

(3% - Closite 30B) 

   Before SSP After SSP 

0.24 0.71 0.59 0.70 
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As the reaction proceeds, the reactants become 

more and more viscous. Consequently, more 

torque is required for a constant stirring rate. By 

monitoring the torque value, the reaction progress 

can be estimated [21] and so can the inherent 

viscosity of corresponding PET nanocomposite. The 

greater slope of the viscosity curve for pure PET 

indicates the initial rate of polymerization step for 

the pure PET, which is greater than that of the 

nanocomposite in Figure 5. The low permeability of 

the nanocomposite causes striping of the by-product 

and thus decreases the polycondensation rate. 

Recently, similar results have been published, which 

report that the decreasing rate of SSP reactions in 

the nanocomposites indicates that the organoclay 

platelets restricts the mobility of the reactive groups 

and increases the diffusion path length of the by-

products  [22] . 

The torque data and the viscosity, both of which 

depend on the growing PET molecular weight, 

agree well the data reported by M. Dini et al. [23] . 

 

Figure 5: Dynamic viscosity growth represented as 

torque increases with reaction time. 
 

Less viscosity value for the final nanocomposite 

product in comparison with pure PET may be 

due to organo-MMT acting as lubricant [24], 

reducing polymer entanglement and molten 

polymeric chains absorbed on MMT. This allows 

MMT layers of the nanocomposite to slide easily 

over each other. Chain alignment on MMT causes a 

reduction in entanglement. By increasing organo 

MMT sliding happens more easily and thus 

viscosity decreases as a result (Figure 6).  

 

Figure 6: Molten polymeric chains alignment on 

MMT surface. 

Poly  (ethylene terephthalate) is relatively difficult to 

process compared to other thermoplastics. 

According to the addition of MMT loading, the 

ability of the molten nanocomposite to flow will 

also be improved [24]. In conclusion, MMT 

increases the processability of the nanocomposites. 

Thermal Characterization 

Differential scanning calorimetric (DSC) analysis 

provides information on the course of thermal 

characterization of the nano-PET versus regular 

PET samples. Table 2 shows the thermal analysis of 

cooling scan or non-isothermal results for all the 

samples.  

Table 2: DSC cooling data for pure PET in 

comparison with NPET (nano-PET). 

Sample Tc (C) Ton(C) 
t1/2 

(min) 

Crystallization 
rate[36] 
∆Hc/t 

J/(gr/s) 
 

Pure PET 159.38 178.17 1.879 0.1936 

NPET 1% 185.20 191.67 0.647 0.4739 

NPET 2% 182.68 195.50 1.282 0.3510 

NPET 3% 172.97 189.93 1.692 0.2448 

NPET 4% 189.06 194.50 0.544 0.4340 

NPET 5% 187.97 200.17 1.210 0.3917 

Half time of crystal formation (t1/2) 

Crystal formation temperature (Tc) 

Onset crystal formation temperature (Ton) 

t½ = (Ton – Tc)/ χ 

χ is the cooling rate (C/min) and t1/2 shows the 

time to reach 50% of the relative degree of 

Time (hr) 

To
rq

u
e

 (
 N

.m
.)

 

60 
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40 
 
30 
 
20 
 
10 
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crystallinity [18]. It is obvious that the rate of 

crystallization is strongly dependent on the 

temperature and the crystallization of the nano 

PET can be conducted faster at a higher cooling 

rate [25] . Crystallization process originates from 

the nucleation of crystallites [26]. 

As shown in Table 2, at the same cooling rate 

(10C/min), all the nano PET samples have 

higher crystal formation temperature (Tc) and a 

higher rate of crystallization (∆Hc/t) compared 

with the regular PET samples. In addition, the 

opposite behavior is observed for the half time 

of crystal formation (t1/2). This phenomenon 

indicates the fact that nanoparticles behave as 

nucleating agents during crystallization, which 

can potentially reduce the crystalline size in the 

PET nanocomposites. 

As observed in Figure 7, the crystallization peaks 

shift toward to the right and become sharper 

with increasing organoclay. Similar phenomena 

were also reported previously for a similar 

polyester/Cloisite30B system [27]. 

 
 

Figure 7: DSC thermograms of pure PET and PET 

nanocomposites (cooling scans). 

Morphology and Properties 

The XRD results showed the disappeared peaks 

in the 2 angle from 1 to 7, which is the 

indication of an exfoliated MMT (Figure 8). In 

addition, the image analysis of atomic force 

microscope confirms the exfoliated results of XRD 

analysis. The intensity of WAXS diffraction peak in 

the range of 2θ angle from 10 to 30 of triclinic 

unit cell planes indicates the size of PET crystal 

[22, 29]. The peak at 2θ = 17.8 corresponds to 

the (010) diffraction plane of the triclinic crystal of 

PET [29]. 

Increasing organo-MMT amount broadens XRD 

spectrum in the 2θ angle from 10 to 30 region, 

showing crystals are getting smaller (Figure 9). 

 

Figure 8: XRD patterns of organoclay and the 

nanocomposites: (a) organoclay; b (1%); c (2%); d (3%); 

e (4%); and f (5%) organoclay content. 

 

Figure 9: XRD patterns of the nanocomposites: (a) 3 %wt; 

(b) 4%wt; (c) 5%wt organoclay; and (d) pure PET. 
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The reduction of the crystal size as a result of 

increased MMT causes X-Ray scattering and 

therefore makes XRD spectra broader [30]. At an 

MMT concentration of 5 %wt, the smallest crystals 

are obtained with almost the disappearance of XRD 

spectra. The AFM studies and DSC measurements 

have led to the same results. 

Mechanical properties were improved with 

increasing the weight percent of organoclay as 

shown in Table 3. 

Thermal resistance (heat distortion temperature) 

of the nanocomposite was enhanced by increasing 

the weight percent of organoclay (Table 4). 

Closite 30B materials possess two hydroxyl 

groups in their modifier (Figure 1), which enable 

them to interact with PET hydroxyl and carboxyl 

groups. This promotes the proper intercalation 

of PET molecules into clay gallery (Figure 10). 

Table 3: Elongation, modulus, and tensile data of the classic and nano PET (ASTM D638) 

Organoclay %wt loading 

Tensile 

Strength 

(kg/cm2) 

Maximum 

load at break 

or breaking 

point (kgF) 

Elongation at 

break (%) 
Tensile Modulus (N/mm2) 

(Pure PET) 310 23.2 7.5 385 

PET-Organo. MMT 1 %wt 328 35 7 411 

PET-Organo, MMT 2 %wt 531 41 10 492 
 

Table 4: HDT data of the classic and PET nanocomposites with various amounts of MMT (ASTM D648) 

(Pure 
PET) 

PET-Organo 
MMT 1 %wt 

PET-Organo 
MMT 2 %wt 

PET-Organo 
MMT 3 %wt 

68 71 74 83 
 

montmorillonite
          

HOCH2CH2 CH2CH2 O

O

PE T oligomerN

H3C T

N PE T oligomerO O

OO

CH2CH2HOCH2CH2

CH3T

O

O

                                                  

montmorillonite
 

Figure 10: Intercalation of PET molecules into clay gallery. 
 

The nanocomposite morphology can be investigated 

by AFM studies. The stiff (crystalline) regions usually 

appear in lighter colors in the height, whereas the 

darker places correspond to softer areas (amorphous 

domains), which are darker in the lateral force scan.  

Crystallite sizes (star like bright zone) in the MMT-filled 

nanocomposite, which has layered morphology 

resulting from MMT plates (Figure 11B), have become 

smaller than unfilled regular PET with non-layered 

morphology as shown in Figure 11A. AFM is the 

most suitable technique for reflecting the true 

shapes of the exfoliated particles of MMTs on the 
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film surface of the PETMMT nanocomposite 

samples [22].  

In the previous study, it was found that the molecular 

conformation in the crystalline PET is totally trans [31]. 

Hence the crystal zone has no free space. In this study, as 

shown in Figure 15, MMT layers are not capable of 

penetration into crystal zone and are distributed in the 

amorphous free volume. Thus they are not uniformly 

distributed in all directions throughout the structure 

(Figure 12). 

 

 

 

Figure 11: AFM morphology of (A) pure PET and (B) 

PET nanocomposite with 3 %wt organoclay. 

 

Figure 12: AFM morphology of PET nanocomposite with 

3 %wt organoclay incorporated from amorphous zone 

in free space; AFM images of bulk are obtained in 

contact mode. 
 

 

Figure 13: The broken mirror like lamellae AFM 

morphology of PET nanocomposite (with the system 

operating in tapping mode). 

The gas barrier properties are especially enhanced 

by the increase in tortuosity affected by structural 

factors. These properties are dependent on the 

spacing between the nanoplatelets and clay platelet 

orientation [32]. Conventionally, the only way to 

achieve decreased spacing between the platelets, 

and thereby increasing tortuosity and decreasing 

permeability, is increasing the overall clay content 

of the nanocomposite (Table 5). 

Table 5: The gas barrier properties of pure PET and 

nanocomposite. 

O2 

Pressure drop 

(∆P) 

(P0= 15 atm; 

 t = 30 days) 

MMT Closite 

30B 

%wt 

PET Nano 

composite 

(2×50×50 mm) 

0.8 atm - Pure PET 

0.6 atm 2 Nano PET2 

0.4 atm 3 Nano PET3 

0.7 atm 5 Nano PET5 

CONCLUSIONS 

The stain products were removed with decreasing 

reaction time and temperature by the implementation of 

combination methods between melt polycondensation 

process and SSP. Disappearing XRD spectrum in 2-52θ 

(nm) 

(n
m

) 
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regions of the nanocomposite indicates the exfoliated 

structure of layered silicates in polymer matrix. A three 

dimensional AFM image of the PET nanocomposite, 

operated in tapping mode, shows a broken mirror like 

lamella structure. Moreover, increasing organo-MMT 

amount broadens the XRD spectrum of the PET 

nanocomposite in 10-302θ region, showing that the 

triclinic crystals are getting smaller. The higher the 

amount of organo-MMT is, the smaller the crystal size 

becomes. 

DSC results indicate an increased crystallization 

rate but a smaller crystal size (the reduction of 

ΔT) in accordance with the increased organo-MMT 

amount. Increasing organo-MMT amount increases 

the HDT, tensile modulus, and tensile strength of the 

PET nanocomposite. PET nanocomposite with 3 %wt 

organo-MMT leads to an about 50% reduction in O2 

pressure drop (or relative oxygen permeability) 

compared with a homo structure. However, 

increasing organo-MMT amount shows fluctuations in 

the relative oxygen pressure drop. 

NOMENCLATURE 

AFM         : Atomic Force Microscopy 

DSC          : Differential Scanning Calorimetry 

MMT       : Montmorillonite 

PET          : Polyethylene Terephthalate 

SSP          : Solid State Polymerization 

XRD         : X-Ray Diffraction 

   : Enthalpy Crystal Formation 

t1/2   : Time (hr) 

T c,on   : On set temperature (C) 

Tc   : Temperature (C) 

X   : Cooling rate (C/min) 
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