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Abstract

The photo-oxidative behavior of the polypropylene (PP)/montmorillonite (MMT) nanocomposites and microcomposites has been

investigated upon ultraviolet exposure using the technique of infrared spectroscopy. The rate of photo-oxidative degradation of PP/MMT

nanocomposites is much faster than that of pure PP. The influence of pristine MMT, alkylammonium and compatibilizer were investigated,

respectively. All these components can catalyze the photo-oxidation of PP matrix, in which the influence of compatibilizer and pristine MMT

is primary. Moreover, the dispersion state of the clay particles in the polymer matrices has a little influence on the photo-oxidative

degradation of polymer matrix. Consequently, an integrated catalysis mechanism of the photo-oxidative degradation of PP clay

nanocomposite is proposed. It would provide benefit direction for the preparation and usage of polymer layered silicate nanocomposites

(PLSN).

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Environmental durability is a key feature for polymer–

clay nanocomposites in their processing and usage due to

their degradation. There are many factors influencing the

degradation of polymeric materials, such as photo-

irradiation, thermo-degradation, oxidation, hydrolization

etc., and the combinations. Within the various factors, the

photo-oxidation plays an important role. Thus, the study on

photo-oxidative degradation of polymeric materials is

always attracting attention in the field of polymer

degradation and stability.

In the past decade, polymer layered silicate nanocompo-

sites (PLSN) have received great attention whether in

fundamental research or industry exploitation and have been
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considered as a new-generation of composite materials

[1–4]. Compared to the conventional filled polymers, PLSN

have many unique properties in the presence of a small

amount of the silicate, such as enhanced mechanical

properties, increased heat distortion temperature, improved

thermal stability, decreased gas/vapor permeability and

reduced flammability [5–11].

The typical natural mineral in the smectite clay,

montmorillonite (MMT), is the most commonly used,

which belongs to the general family of 2:1 layered silicates.

The layer structure of MMT consists of two silica

tetrahedral sheets to an edge-shared octahedral sheet of

either aluminum or magnesium hydroxide. Stacking of the

layers of around 1 nm thickness by a weak dipolar force

leads to interlayers or galleries between the layers. The

galleries are normally occupied by cations such as NaC,

KC, Ca2C and Mg2C, by which is easily organified by ion-

exchange reaction with alkylammonium cations [12]. The

modified clay (organoclay) becomes organophilic, its sur-

face energy is lower and is more compatible with organic

polymers. Under well-defined experimental conditions,
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these polymers may be able to intercalate within the

galleries, leading to an intercalated or exfoliated structure.

As the research progressed in this field, a series of PLSN has

been developed and some of them have been found

application in automotive and electric industry.

There are some works in the literature concerning the

photo-oxidative degradation of PLSN. In our previous

work, the photo-aging behaviors of polyethylene/mont-

morillonite (PE/MMT) [13,14] and polyamide 6/mont-

morillonite (PA6/MMT) [15] nanocomposites have been

investigated. The rate of photo-oxidative degradation

of PE/MMT nanocomposite is much faster than that of

pure PE. The acceleration of photo-oxidation of

PE/MMT nanocomposite is due to the nature of MMT

and interlayer ammonium ions, in which the influence

of interlayer ammonium ions is primary [13]. Through

the study of influence of interlayer cations in MMT, an

integrated catalysis mechanism of the photo-oxidative

degradation of PE/MMT nanocomposites is proposed

[14]. The decomposition of ammonium ion may create

acidic sites on layered silicates; meanwhile the complex

crystallographic structure and habit of clay minerals

could also result in some active sites. All these active

sites can induce the formation of free radical upon UV

irradiation and accelerate the photo-oxidative degra-

dation of PE matrix. Wilkie et al. [16] reported that the

photo-oxidative degradation of polypropylene/montmor-

illonite (PP/MMT) nanocomposites is faster than that of

pure polypropylene. They suspected that the acceleration

was caused by clay or the structure form of the

nanocomposites. Gardette et al. [17] reported a study on

the influence of organoclay and compatibilizer on photo-

oxidation of PP/MMT nanocomposites. However, the

influence of each component and clay dispersion state

on the photo-oxidation of the PP/MMT nanocomposites

is still not clear.

Polypropylene (PP) is one of the most widely used

polyolefin polymers. Due to the quasi-apolar nature of PP,

large quantity of compatibilizers containing polar groups,

such as maleic anhydride-grafted-polypropylene copoly-

mers, are generally introduced as the third component to

compensate the difference of polarity between the resin

matrix and the nanoscale fillers during the preparation of

PP/MMT nanocomposites [18–21]. In order to understand

the influence of each components and clay dispersion

state on photo-oxidation mechanism of PLSN, we

describe the photo-oxidation behavior of polypropylene/

montmorillonite (PP/MMT) composites in this paper. It

is shown that the rate of photo-oxidative degradation of

PP/MMT nanocomposite is much fast than that of pure

PP. The influence of pristine MMT, alkylammonium and

compatibilizer were investigated, respectively. The

experiment results indicate that all these components

can accelerate the photo-oxidation of PP matrix. The

influence of dispersion state of MMT in polymer matrix

has also been discussed.
2. Experimental

2.1. Materials

The isotactic polypropylene, 1300, was purchased from

Yanshan Petrochemical Co Ltd, Beijing, China. The maleic

anhydride-grafted-polypropylene copolymer (MI

30 g/10 min, amount of MA 0.8%, termed PP-g-MA) was

purchased from Shanghai Genius Advanced Material Co.

Ltd, Shanghai, China. Dioctadecyldimethyl ammonium

chloride [(C18H37)2N
C(CH3)2Cl

K, denoted with 2C18],

octadecyltrimethyl ammonium chloride [C18H37N
C(CH3)3

ClK, denoted with C18] and ammonium chloride (NH4Cl)

were purchased from Beijing Chemical Reagent Co.,

Beijing, China. Sodium montmorillonite (Na-MMT), with

cation exchange capacity (CEC) of 90 meq/100 g and

particle size of C325 meshes (!45 mm), was purchased

from Zhangjiakou Qinghe Chemical Factory, Hebei, China.

2.2. Modification of Na-MMT

The organophilic montmorillonite (organoclay, termed

OMMT) was prepared via ion-exchange reaction using

alkylammonium. Na-MMT (30 g) was ion-exchanged with

2C18 (19.32 g) in a 1:1 (weight ratio) ethanol-water mixture

(500 ml) at 75 8C for 2 h under agitation. The products were

filtered and washed repeatedly with the ethanol–water

mixture until no ClK was detected in the filtrate by a

0.1 mol/l AgNO3 solution. The products were dried for 8 h

at 100 8C in vacuum, ground into powder, and finally sifted

through a 200-mesh sieve (maximum diameter of 75 mm).

Protonic montmorillonite, denoted as H-MMT, was

prepared as follows. Na-MMT (30 g) was ion-exchanged

with NH4Cl (4.8 g) in the de-ionized water (500 ml) at 30 8C

for 3 h under agitation. After filtered and washed with de-

ionized water until no ClK was detected by 0.1 mol/L

AgNO3 solution, the product was dried and ground to get

NHC
4 modified MMT at the same condition as OMMT. The

powder was then heated at 300 8C for 5 h, so the acidic sites

were generated as the following formula [22]:

LSKNHC
4 ����/

D
LSKHCCNH3 (1)

where LSK stands for the structural blocks of the layered

silicate.

2.3. Preparation of the PP/MMT compounds

A twin-screw extruder (SHJ30, L/FZ23, Nanjing

Rubber and Plastics Machinery Plant, China) was used for

the preparation of the PP/MMT compounds. The operating

temperature of the extruder was maintained at 190, 210,

210, and 200 8C from hopper to die, respectively. The screw

speed was maintained at 100 rpm. After cooling in water,

the extrudates were pelletized. The compound pellets were

dried at 50 8C for 6 h before use. Several PP compounds



Table 1

The PP compounds and their composition

Sample code PP (wt%) PP-g-MA (wt%) Clay type & content C18 ammonium (wt%)

Type (wt%)

PP 100

PP/Na-MMT 95 Na-MMT 5

PP/OMMT 95 OMMT 5

PP/H-MMT 95 H-MMT 5

PP/C18 98.8 1.2

PP/PP-g-MA 85 15

PP/PP-g-MA/OMMT 80 15 OMMT 5
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were prepared and their compositions are listed in Table 1.

In the PP/C18 blend, the C18 content is 1.2 wt%, equivalent

to the molar fraction of 2C18 in the PP/OMMT micro-

composite. The thin films of ca. 50 mm in thickness were

prepared by compression-molding the pellets of the PP

compounds at 200 8C with a pressure of 75 kgf/cm2

(7.35 MPa).

2.4. Morphological characterization

X-ray diffraction (XRD) patterns were obtained using a

Rigaku (Japan) D/max 2400 diffractometer with Cu Ka
radiation (lZ0.154 nm, 40 kV, 120 mA) at room tempera-

ture. The diffractograms were scanned from 1.58 to 408 (2q)

in steps of 0.028 using a scanning rate of 88/min.

The morphology structures of the composites were

investigated by a Hitachi (Japan) H-800 transmission

electron microscope (TEM) with an acceleration voltage

of 100 kV. The ultrathin slides were obtained by sectioning

the injection-molded samples along a direction perpendicu-

lar to the injection.

2.5. Ultraviolet exposure test

Ultraviolet (UV) exposure tests were carried out in a
Fig. 1. XRD patterns of Na-MMT, H-MMT, OMMT, PP/OMMT and

PP/PP-g-MA/OMMT.
WFH-201-B canned UV exposure instrument (Wenzhou

Analytic Apparatus Co., China). The working temperature

was controlled at 35G2 8C and the wavelength of radiation

was 300 nm. The photo-oxidation rate was followed by

measuring carbonyl absorbance through FT-IR per 40 h

upon UV exposure, for a period from 0 to 320 h. The FT-IR

measurements were performed on a Perkin–Elmer System

2000 infrared spectrum analyzer in the wave-number range

of 4000–370 cmK1.
3. Results and discussion
3.1. Characterization of the composites

Fig. 1 shows the X-ray diffraction (XRD) patterns of

clays (Na-MMT, H-MMT and OMMT) and composites (PP/

OMMT and PP/PP-g-MA/OMMT). Na-MMT and H-MMT

display their characteristic peaks at 0.98 and 1.4 nm,

respectively, corresponding to the (001) diffraction of

layer structure of Na-MMT and H-MMT. OMMT shows a

3.72 nm d-spacing. XRD pattern of PP/OMMT composite

shows that the silicate dispersed in the polymer matrix

retained the stacked structure of the pristine OMMT, with a

little decreased layer space (3.56 nm), indicating an

immiscible dispersion of the clay in PP matrix. When the

compatibilizer PP-g-MA is introduced, the characteristic

peak of OMMT disappears in the resultant PP/PP-g-MA/

OMMT composite. The absence of the (001) peak in the

XRD pattern suggests that the clay has a nearly exfoliated

dispersion in the polymer matrix; this is to say, The PP/PP-

g-MA/OMMT composite is an exfoliated nanocomposite.

The XRD patterns of PP/Na-MMT and PP/H-MMT (not

shown in Fig. 1) do not reveal any peak shift in comparison

to the corresponding clays, suggesting that they are all of

microcomposites.

The TEM images of PP/Na-MMT, PP/H-MMT,

PP/OMMT and PP/PP-g-MA/OMMT composites are

shown in Fig. 2. Large and unevenly dispersed primary

clay particles were observed in PP/Na-MMT composite

(Fig. 2(A)), with particle size of 1–1.5 mm. It indicates that

the melt processing was able to dissociate the initial clay

agglomerates (up to 75 mm in particle dimension) to the



Fig. 2. TEM images of (A) PP/Na-MMT, (B) PP/H-MMT, (C) PP/OMMT, (D) PP/PP-g-MA/OMMT at low magnification and (E) PP/PP-g-MA/OMMT at

high magnification.
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primary clay particles (!2 mm). The dispersion state of PP/

H-MMT composite (Fig. 2(B)) is similar to that of PP/Na-

MMT composite, strongly suggesting an immiscible

dispersion. On contrary, the submicron particles composed

of the silicate aggregates can be observed in PP/OMMT

composite (Fig. 2(C)). The particle size is about 0.2–0.5 mm
and the polymer matrix is filled homogeneously. Although

the initial size of the organoclay is larger than that of the

inorganic clay, the organic modification is propitious to the

dissociation of the clay particles, resulting in a homo-

geneous dispersion of silicate layers in the polymer matrix.

According to Manias et al., this PP/2C18-MMT composite

possesses an immiscible/intercalated structure [19].

The TEM images (Fig. 2(D) and (E)) confirm the
partially exfoliated dispersion of the clay in the PP/PP-g-

MA/OMMT nanocomposite. The low magnification (Fig.

2(D)) shows the clay is well dispersed throughout the

polymer matrix. As seen in the high magnification (Fig.

2(E)), exfoliated clay layers and a few intercalated tactoids

are present. Compared the TEM images of PP/PP-g-MA/

OMMT nanocomposite and PP/OMMT microcomposite,

the addition of PP-g-MA copolymer could promote the

dissociation and exfoliated dispersion of the clay particles.
3.2. Infrared analysis

The degradation behavior of organic polymers by UV

irradiation is of considerable importance [23]. Under UV



Fig. 3. FT-IR spectra of PP/PP-g-MA/OMMT nanocomposite before and

after 320 h UV irradiation.

Fig. 5. Evolution of the infrared spectra at different times upon UV

irradiation of PP/PP-g-MA/OMMT nanocomposite: (A) in the domain

1900–1550 cmK1; (B) in the domain 4000–3000 cmK1.
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irradiation, the initial reaction of the decomposition is the

formation of alkyl radicals from polymer macromolecules.

The propagation step is the formation of hydroperoxides,

which can decompose to produce alkoxy radicals. Then the

alkoxy radicals abstract hydrogen on the polymeric back-

bone or undergo a b-scission. At last, different carbonyl
species are formed and the polymer matrix suffer

degradation.

Infrared spectrometry is a powerful tool for studying the

oxidative degradation of polypropylene and more generally

of synthetic polymers [24]. Fig. 3 shows the FT-IR spectra

of PP/PP-g-MA/OMMT nanocomposite before and after

320 h UV irradiation. The absorption at 1038 cmK1 is

assigned to Si–O stretching (nSi–O) of MMT. The bands at

517 and 462 cmK1 are assigned to Al–O stretching (nAl–O)

and Si–O bending (dSi–O) of MMT. In spite of the presence

of the compatibilizer, PP-g-MA that contains anhydride

groups, there are no absorption bands at 1712 cmK1

(carboxylic acid), 1780 and 1850 cmK1 (anhydride)
Fig. 4. FT-IR spectra of pure PP before and after 320 h UV irradiation.
observed before UV irradiation. It suggests that the content

of anhydride groups is too low to present in the spectrum

(considering that the content of PP-g-MA in the nanocom-

posite is 15% and that the degree of maleation is 0.8%). As

shown in the figure, a new broad band appears at about

1715 cmK1 after 320 h UV irradiation that belongs to a

mixture of different carbonyl species [25]. The second new

band at 1634 cmK1 shows the resultant of the olefinic band.

The third new band at 3412 cmK1 belongs to hydroxyl

group, which indicates the resultant of hydroperoxides.

Fig. 4 shows the FT-IR spectra of pure PP before and

after 320 h UV irradiation. After 320 h UV exposure, the

appearance of new bands are similar to those of PP/PP-g-

MA/OMMT nanocomposite, but the intensity of these bands

of PP is quite far lower than those of PP/PP-g-MA/OMMT

nanocomposite.

For the analysis of the photo-oxidative degradation, two

domains of the infrared spectrum are of interests,



Fig. 6. Evolution of the infrared spectra at different times upon UV

irradiation of pure PP: (A) in the domain 1900–1550 cmK1; (B) in the

domain 4000–3000 cmK1.

Fig. 7. Variations in the area of carbonyl band during the photo-oxidation of

thin films of pure PP, PP/PP-g-MA compound, PP/OMMTmicrocomposite

and PP/PP-g-MA/OMMT nanocomposite.
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corresponding to the stretching vibrations of carbonyl

(CaO) and hydroxyl (O–H) groups. The film samples

were measured by FT-IR per 40 h upon UV exposure for a

total irradiation time up to 320 h. Fig. 5 shows the evolution

of the infrared spectra of PP/PP-g-MA/OMMT nanocom-

posite in the carbonyl and hydroxyl regions upon UV

irradiation. All spectra were obtained by spectral subtraction

of the spectrum of the unirradiated film. It can be seen that

with increasing the exposure time, the intensity of the

carbonyl and hydroxyl bands grows. This behavior indicates

that the material suffers degradation. In the carbonyl region

(Fig. 5(A)), the shape of the band suggests that more than

one functional group is formed. It could be seen that there

are several functional groups peaking at 1715, 1735 and

1780 cmK1. The photoproducts corresponding to these

functional groups have been identified previously [25].

The main adsorption at 1715 cmK1 belongs to the carbonyl

group of carboxylic acids in the dimmer form. The shoulder

on the carbonyl band at 1780 cmK1 results from the

formation of g-lactones. The attribution of the functional

group at 1735 cmK1 is postulated to result either from the

carbonyl groups of esters or from the carbonyl vibration of

carboxylic acids associated to hydroxyl groups. In the

hydroxyl region (Fig. 5(B)), the broad band peaking up at

3412 cmK1 is composed of the O–H stretching of hydro-

peroxides and alcohols, with a poor contribution of the O–H

adsorption of carboxylic acids.

Fig. 6 shows the evolution of the infrared absorbance of

pure PP in the carbonyl and hydroxyl regions upon UV

irradiation. It could be seen that the spectra had little change

until 120 h. The intensity of the carbonyl and hydroxyl

bands grows slower in comparison with the PP/PP-g-MA/

OMMT nanocomposite.

The other samples show similar FT-IR spectra upon UV

irradiation. The intensity of the carbonyl and hydroxyl

bands of all compound samples grows faster than that of

pure PP. However, the shape of the oxidation bands is

similar to that observed for pure PP. It is suggested that the

addition of clays and PP-g-MA does not modified the

mechanism of photo-oxidation of the PP matrix.

3.3. The influence of organoclay and compatibilizer on

photo-oxidation

Since the presence of compatibilizer does not overlap the

carbonyl region of products of the PP oxidation, the area of

carbonyl band of FT-IR spectrum of each specimen can be

obtained separately and considered as the quantity of the

carbonyl [26]. It is the measure of photo-oxidative

degradation of the samples. Fig. 7 shows the area of

carbonyl band in function of the exposure time for the thin-

film samples of pure PP, PP/PP-g-MA compound, PP/

OMMT microcomposite and PP/PP-g-MA/OMMT nano-

composite. As shown in the figure, the rate of photo-

oxidation of PP/PP-g-MA/OMMT nanocomposite was

faster than that of pure PP. The influence of organoclay



Fig. 8. Variations in the area of carbonyl band during the photo-oxidation of

thin films of pure PP, PP/C18 compound and PP/Na-MMT, PP/H-MMT,

PP/OMMT microcomposite.
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and compatibilizer was reviewed separately by measuring

the photo-oxidation of PP/PP-g-MA compound and PP/

OMMT microcomposite. The rates of photo-oxidation of

PP/PP-g-MA compound and PP/OMMT microcomposite

were also faster than that of pure PP. It is indicated that the

presence of both PP-g-MA and OMMT can accelerate the

photo-oxidation of PP matrix, respectively.

We added the area of carbonyl band of PP/PP-g-MA

blend to that of PP/OMMT microcomposite against the UV

irradiation time and the results are plotted in Fig. 7. It could

be observed that the summation (dot-line) is well consistent

to the curve of PP/PP-g-MA/OMMT nanocomposite.

Compared the TEM images of PP/OMMT microcomposite

(Fig. 2(C)) and of PP/PP-g-MA/OMMT nanocompo-

site (Fig. 2(D)), it is shown that OMMT can be further

intercalated by the polypropylene macromolecules and

lead to the formation of a nanocomposite by the addition

of PP-g-MA. On contrary, OMMT cannot be further

intercalated by the polymer chains and thus form the

microcomposite without PP-g-MA. Although the dispersion

state of MMT is different (nano- vs. micro-), the rate of

photo-oxidation of PP/OMMT microcomposite (with

micrometric dispersion of the clay aggregates) is similar

to that of PP/PP-g-MA/OMMT nanocomposite (with

nanometric dispersion of the clay layers) if pulsing the

influence of PP-g-MA. It indicates that the dispersion state

of the clay particles in the polymer matrices has a little

influence on the photo-oxidative degradation of polymer

matrix.
3.4. The influence of MMT and alkylammonium on photo-

oxidation

In order to understand the influence of organoclay, we

investigated the effect of MMT and alkylammonium on

photo-oxidation separately. Fig. 8 shows the area of

carbonyl band in function of the exposure time for thin
films of pure PP, PP/C18 compound and PP/Na-MMT, PP/

H-MMT, PP/OMMT microcomposite. The rates of photo-

oxidation of PP/Na-MMT microcomposite and PP/C18

compound are faster than that of pure PP. That is to say, the

acceleration of photo-oxidation of PP/OMMT is due to

the effects of pristine clay and alkylammonium, in which

the effect of pristine clay is primary. It has been reported

[27] that the complex crystallographic structure and habit of

clay minerals result in some catalytic active sites, such as

Bronsted acidic sites like the weakly acidic SiOH and

strongly acidic bridging hydroxyl groups at the layer edge of

the silicate, un-exchangeable transition metal ions in the

galleries, and crystallographic defect sites within the layers.

All these active sites can accept single electrons from donor

molecules and form free radical, leading to the oxidation

of the polymer matrix. As reported in the previous work

[14], the transition metal ions in the galleries of MMT

can accelerate the photo-oxidation of polyethylene

considerably.

The photo-oxidation rate of PP/H-MMT microcomposite

is much faster than that of pure PP. Although the dispersion

state of the clay in PP/H-MMT is similar to that in PP/Na-

MMT, the photo-oxidation of PP/H-MMT is also much

faster than that of PP/Na-MMT. It indicates that the acidic

sites on the layered silicates can accelerate the photo-

oxidative degradation of polymer matrix. These acidic sites

can accept single electrons from donor molecules with low

ionization potential [27], leading to the formation of free

radical upon UV irradiation.

The thermal decomposition of alkyl ammonium salts in

the clay interlayer is known to take place following the

Hoffman mechanism. The resultant is ammonia, corre-

sponding olefin and an acidic site on layered silicate [28]:

LSKC½NH3 KCH2 K ðCH2Þn KCH3� ����/
D

LSKHCCNH3 CCH2 ZCHK ðCH2Þn�1 KCH3

(2)

During the melt processing and UV exposure period, the

decomposition of the ammonium ions in the galleries

happened partially. The decay products, such as the acidic

sites and corresponding olefin, can both lead to the

formation of free radical and accelerate the photo-oxidative

degradation of polymer matrix upon UV irradiation.
4. Conclusions

In the present work, PP/MMT nanocomposite was

prepared using the compatibilizer PP-g-MA through melt

processing. The photo-oxidative behavior of the PP clay

nanocomposite has been investigated upon ultraviolet

exposure. The rate of photo-oxidative degradation of

PP/MMT nanocomposite is much faster than that of pure

PP. The influence of pristine MMT, alkylammonium and

compatibilizer were investigated, respectively. All these



Fig. 9. Schematic representation of catalysis mechanism of photo-oxidative degradation of PP clay nanocomposite.
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components can catalyze the photo-oxidation of PP matrix.

Moreover, the dispersion state of the clay particles in the

polymer matrices has a little influence on the photo-

oxidative degradation of polymer matrix. That is to say, the

acceleration of photo-oxidative degradation of PP clay

nanocomposite is due to the influence of compatibilizer,

pristine MMT and interlayer ammonium ions, in which the

influence of compatibilizer and pristine MMT is primary.

The compatibilizer, PP-g-MA, can introduce some

photoresponsive groups to PP matrix, such as carboxylic

acid and anhydride. The complex crystallographic structure

and habit of clay minerals result in some catalytic active

sites. The decomposition of ammonium ions can lead to

catalytic acidic sites created on the layers and correspond-

ingly olefin generated. All these photoresponsive groups

and catalytic active sites can accept single electrons from

donor molecules of PP matrix with low ionization potential.

Under UV exposure, free radicals formed in the polymer

matrix and the materials suffered photo-oxidative degra-

dation. Consequently, an integrated catalysis mechanism of

the photo-oxidative degradation of PP clay nanocomposite

is proposed, as schematically shown in Fig. 9. It would

provide benefit direction for the preparation and usage of

PLSN.
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