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Poly(ethyl methacrylate) (PEMA) and poly(2-hydrox-
yethyl methacrylate) (PHEMA) nanocomposites with
sepiolite in pristine and silylated form were prepared
using the solution intercalation method and character-
ized by the measurements of XRD, TEM, FTIR-ATR,
TG/DTG, and DSC. The TEM analysis indicated that the
volume fraction of fibers in sepiolite decreased and the
fiber bundles dispersed in PEMA and PHEMA at a
nanometer scale. These results regarding TEM micro-
graphs were in agreement with the data obtained by
XRD. The increase in thermal stability of nanocompo-
sites of PEMA is higher than that of PHEMA according
to the data obtained from TG curves. The DTG analysis
revealed that sepiolite/modified sepiolite caused some
changes, as confirmed by FTIR in the thermal degrada-
tion mechanism of the polymers. Tg temperatures of
PEMA and PHEMA usually increased upon the addition
of sepiolite/modified sepiolite. In addition, modification
of sepiolite with 3-APTS had a slight influence on thermal
properties of the nanocomposites. POLYM. COMPOS.,
30:1585–1594, 2009.ª 2008 Society of Plastics Engineers

INTRODUCTION

The term ‘‘nanocomposite material’’ has attracted great

interest in recent years for exhibiting remarkable improve-

ment in mechanical properties, barrier properties, thermal

properties, optical properties, and ionic conductivity and

is commonly used in two distinct areas of material

science such as ceramics and polymers [1, 2]. Particles

(silica, metal, and other organic and inorganic materials),

layered materials (graphite, layered silicate, and other lay-

ered minerals), and fibrous materials (nanofibers and

nanotubes) are used as reinforcement materials in polymer

nanocomposites [3].

The commonly used layered silicates for the prepara-

tion of polymer-layered silicate nanocomposites belong to

the same general family of 2:1 (T:O:T) layered silicates

or phyllosilicates. While montmorillonite (MMT), hector-

ite, and saponite are the most commonly used layered sili-

cates [1], few reports concerning sepiolite, is displayed by

the structural formula (Mg8[(OH)2/Si12O30] � 4H2O þ
8H2O), have been encountered in the literature. Sepiolite

has a structure similar to the 2:1 layered structure of

MMT formed by two tetrahedral silica sheets enclosing a

central sheet of octahedral magnesia except that the layers

lack continuous octahedral sheets [4]. There are channels

and tunnels in the structure of sepiolite and it has fibrous

morphology, because each T:O:T linked to the next by

inversion SiO4 tetrahedra a long a set of Si��O��Si

bonds [5]. The presence of silanol groups (Si��OH) at the

edges of the tunnels can enhance the interfacial interac-

tion between sepiolite and polymer. These can induce cer-

tain amount of sepiolite dispersed at the nanometer scale

in polymer matrix and improve the mechanical and ther-

mal properties of polymers [6]. In addition, the exchange

capacity of sepiolite is less than that of smectites (20–60

meq) but their significant capacity to absorb organic mol-

ecules has led to their use as industrial and domestic

absorbant [5]. This is why so many adsorption studies

relating to sepiolite were conducted [7–11].

The polymers used as a matrix in the studies of the

nanocomposites containing sepiolite are Nylon-6 [4],

polyurethane [6], poly(hydroxyethyl acrylate) [12], poly

(sodium acrylate) [13], chitosan [14], epoxy resin [15,

16], poly(dimetylsiloxane) [17, 18], polyester [19], and

polypropylene [20, 21]. Nanofibers of sepiolite ensure the
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substantial improvements in the mechanical properties

[12, 14, 15, 17–19] and thermal stability [11, 14, 16] of

these polymers even at low filler loadings. Also carbon

nanofibers [22] and carbon-silicates [23] are produced

through graphitization of poly(acrylonitrile) [22] and of

sucrose [23] inside the nanosized pores of sepiolite.

Poly(n-alkyl methacylate)s, (PaMA)s, consist of a polar

backbone and usually flexible nonpolar sidegroups Rn ¼
CnH2nþ1. Owing to their excellent properties (high trans-

parency, light weight, good mechanical, and electrical

properties etc.), poly(alkyl methacrylate)s are used in

architecture, industry, motorization, agriculture, medicine,

pharmacy, as well as in the textile, paper, and paint indus-

tries [24]. In this study, poly(ethyl methacrylate) (PEMA)

and poly(2-hydroxyethyl methacrylate) (PHEMA) were

selected as matrix to prepare the nanocomposites.

In the studies where PEMA was used as a matrix, the

nanocomposites of montmorillonite [25], dibenzylidene

sorbitol/colloidal silica [26], and FeCl3 [27] were prepared

using the solution intercalation method. As to the studies

related to PHEMA nanocomposites, (DMSO)(MeOH)-

Cu2(benzene-1,3-dicarboxylate-5-OH)2I12 [28] in polymer-

ization medium, silica [29] and TiO2 [30] in sol-gel pro-

cess and silica [29] in direct mixing were used as fillers.

As can be seen above, no nanocomposite study relating

to these PaMAs with sepiolite has been reported so far in

the literature. In this study, PEMA and PHEMA nano-

composites with sepiolites in pristine and silylated form

were prepared through the solution intercalation method.

The method was used to give a good control on the ho-

mogeneity of constituents [25]. For characterization of the

nanocomposite samples, the measurements of FTIR,

XRD, TEM, TG/DTG, and DSC were used. It was also

investigated whether there was any influence of modifica-

tion of sepiolite with 3-aminopropyltriethoxylsilane (3-

APTS) and of side group in PaMAs on the properties of

the nanocomposites.

EXPERIMENTAL

Materials

Sepiolite (JCPDS 29-1492) was provided from Aktaş

Lületaşı corporation, in Eskişehir, Turkey. All the chemi-

cals in the study were analytical grade and used without

further purification. PEMA and PHEMA were obtained

commercially from Across and Aldrich. The 3-APTS,

ethanol, and diethyl ether were from Aldrich, Carlo Erba,

and Merck, respectively.

Modification of Sepiolite

Sepiolite was oven-dried, ground, and sieved to a size

of �75-lm diameter. Then, sepiolite was modified with

3-aminopropyl triethoxyl silane (3-APTS) according to

synthesis route described in a previous paper [6]. In this

study, for modification the surface polarity of sepiolite 3-

APTS was used taking into consideration the structure of

the polymers and solvents (or mixtures). Sepiolite modi-

fied with 3-APTS involves both of the polar and apolar

sides which can interact with PEMA and PHEMA chains.

Preparation of Sepiolite and Modified Sepiolite/
Polyalkylmethacrylate Nanocomposites

Sepiolite was dispersed in organic solvents, which

were diethyl ether-ethyl alcohol mixture (1:1) with a solu-

bility parameter of d ¼ 20.8 MPa1/2 for PEMA (d ¼
20.5) and ethyl alcohol (d ¼ 26.2) for PHEMA (d ¼
26.9) [31], using a magnetic stirrer for 2 h at room tem-

perature followed by ultrasonic treatment for 20 min to

gain a uniform dispersion of sepiolite fillers. Then, the

polymers were added to the corresponding suspensions.

After dissolving, the mixtures were stirred for a 24 h. The

samples were poured into glass petri dishes and they were

evaporated at 408C in an oven. The same method was

also applied to modified-sepiolite. The obtained products

were identified as SepPHEMA, ModsepPHEMA, etc.

Measurement

FTIR measurements were performed with a Perkin

Elmer Spectrum One FTIR with ATR for scanning cover-

age from 650 to 4,000 cm21. XRD patterns were obtained

using Rigaku Rint 2000 diffractometer. X-ray beams were

derived from nickel-filtered Cu Ka (k ¼ 0.154 nm) radia-

tion in a sealed tube operated at 40 kV, 30 mA, and the

diffraction curves were obtained from 5 to 50 at a scan

rate of 0.028/min. Transmission electron microscopy

(JEOL JEM 2100) was used to determine the morpholo-

gies of sepiolite and the composites at an acceleration

voltage of 200 kV. For the TEM study, the sample taken

from sepiolite having been dispersed in ethanol through

ultrasonic treatment and the samples of polymer-sepiolite

suspensions were deposited on a 200-mesh copper grid.

The thermal stabilities of the nanocomposites were

investigated by using a Perkin Elmer Pyris Diamond TG/

DTA. The TG scans were recorded at a temperature ramp

of 108C/min under constant nitrogen flow of 200 ml/min

from 60 to 6008C. DTG curves were used to investigate

if a change occurred in thermal degradation mechanism

of PEMA and PHEMA. Glass transition temperatures

were investigated at a temperature ramp of 208C/min in

nitrogen flow from 50 to 2008C by Perkin Elmer Sapphire

DSC. The temperatures were determined as the midpoints

of reverse ‘‘S’’ shaped thermograms.

RESULTS AND DISCUSSION

FTIR and XRD for Modification of Sepiolite

Figure 1 depicts FTIR-ATR spectra of raw sepiolite

and modified sepiolite. The bands of OH deformation at
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979 cm21 shifted to higher wavelengths and OH transla-

tion at 781 and 680 cm21 shifted to lower wavelengths

after the modification of sepiolite. The area of the bands

between 3,000 and 4,000 cm21 assigned to the ��OH

stretching vibrations decreased after modification by 3-

APTS. The new bands attributed to C��H bond of ��CH2

between 2,900 and 3,000 cm21 were observed in FTIR of

modified sepiolite as shown in Fig. 1. These findings indi-

cated that a chemical reaction [6] occurred during the

modification as shown in Eq. 1.

The XRD pattern of sepiolite used in this study showed

the characteristic 110 peak of sepiolite at 1.23 nm (2h ¼
7.28) and existence of magnesite (2h ¼ 32.568, JCPDS

8-479) as impurity as can be seen in Fig. 2. As sepiolite

is a non-swelling clay, organophilization occurs mainly

through a surface modification, maintaining its crystalline

structure. However, the organic modification can decrease

the aggregation of fibers and result in a weak diffraction

peak [6]. In our study, a decrease was observed in the

intensity of the 110 peak as shown in Fig. 2.

Characterization of Nanocomposites

Nanocomposites of PEMA and PHEMA with raw

sepiolite and modified sepiolite were prepared in concen-

trations of 2.5 and 5% of sepiolite.

XRD. The XRD patterns for PEMA and PHEMA and

their nanocomposites with sepiolite and modified sepiolite

were shown in Figs. 3 and 4. As shown in these figures,

the disappearance of the 110 peak of sepiolite in XRD

patterns of PEMA and PHEMA with sepiolite/modified

sepiolite composites, except SepPEMA 5%, was consid-

ered as an evidence for highly dispersion of sepiolite

fibers. The intensity of 110 peak is related to the volume

fraction of sepiolite fibers, i.e., the lower the volume frac-

tion of fibers reduce, the weaker the diffraction peak will

be [6]. For SepPEMA 5%, a relatively small diffraction

peak displayed at 2h ¼ 7.28. This was probably a conse-

quence of increase in the volume fraction, which is the

indication of the agglomeration of some sepiolite fibers.

This small diffraction peak for SepPEMA5% was not

observed for ModsepPEMA5%. This showed that the

modified sepiolite was dispersed in PEMA better than

unmodified sepiolite because the modifying agent, 3-

APTS, improved the interaction of surface with poly(ethyl

methacrylate).

TEM. Transmission electron microscopy (TEM) analy-

sis can provide more direct evidence for the formation of

FIG. 2. XRD patterns of sepiolite and modified sepiolite.FIG. 1. FTIR spectra of sepiolite and modified sepiolite.
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nanocomposites. TEM micrographs were obtained for

sepiolite, modified sepiolite, and composites with the fill-

ers loading 2.5%. The fibrous morphology of sepiolite/

modified sepiolite is also confirmed by Fig. 5a and b. The

diameter of the single fiber was measured as 10–12 nm.

While it was observed that the approximate diameter

(AD) of the fiber bundles in sepiolite was between 100

and 350 nm, the range decreased to 60–250 nm in modi-

fied sepiolite. As shown in Fig. 5c and d, the volume

fraction of fibers (or the thickness of clay laths) in the

PHEMA composites decreased in comparison to the image

for sepiolite/modsepiolite in Fig. 5a and b and the fiber

bundles (AD: 30–60 nm) dispersed in the matrix at a nano-

meter scale. The presence of those structures was also

observed in palygorskite-epoxy polymer system [32]. In

the case of PEMA composites, it was observed that some

fiber bundles interconnected with each other as can be seen

in Fig. 5e and f, in addition to the structures observed in

the TEM images Fig. 5e of PHEMA nanocomposites. In

additionally these results relating to TEM micrographs

were in agreement with the data obtained by XRD.

FTIR-ATR Spectra. FTIR-ATR studies were usually

carried out to understand possible chemical and physical

interactions between sepiolite/modified sepiolite and

PEMA/PHEMA. Figure 6 shows FTIR specta of PEMA

and PHEMA and their composites with sepiolite/modified

sepiolite. The carbonyl stretching vibration at around

1,700 cm21 in spectra of PEMA and PHEMA was shifted

to lower wavelengths in their composites except modsep-

PEMA 2.5%. The shift in PHEMA was more than

PEMA. The stretches of ��CH3, asymmetric ��CH2 and

aliphatic ��CH at around 2,900 cm21 in PHEMA were

shifted to lower wavelengths, while they remained almost

unchanged in PEMA. The results can be attributed to the

weak Van der Walls interactions occurring between

PEMA and sepiolite surface. As can be understood from

the molecular structure of PEMA in Fig. 7 only Van der

Walls interactions can take place during the preparation

of polymer nanocomposites.

The ��OH band at 3,381 cm21 was shifted to lower

wavelengths in their composites with sepiolite/modified

sepiolite and the hydrogen bonds in PHEMA [33], as

illustrated in Fig. 7, weakened in the composites due to

the interactions between ��SiOH group at the external

surface of sepiolite, ester and ��OH group in PHEMA.

The bands around 1,550–1,300 cm21 were caused by

the ��CH3 and ��CH2 deformations and the absorptions

in the 1,300–1,000 cm21 region by the C��O��C stretch-

ing vibrations in PEMA and PHEMA. Some differences

were observed in the C��O��C stretching vibrations of

the composites. While the band at around 1,030 cm21 in

both of PEMA and PHEMA was disappeared in the com-

posites, the new band between 1,200 and 1,230 cm21

appeared in PHEMA’s composites.

The above analysis indicated clearly that these

matrixes and sepiolite/modified sepiolite were not simply

blended but also complex interactions exist between them.

Thermal Properties of Nanocomposites. TG/DTG
Measurements. The thermal stabilities of the composites

were investigated using a thermo-gravimetric analyzer.

Figures 8 and 9 shows the TG and DTG curves of PEMA

and PHEMA and their composites. Thermal stabilities of

the samples were determined by considering the degrada-

tion temperatures at 5, 10, 50, and 80% weight losses

obtained from the TG curves. These values are shown in

Table 1. It is a well known fact that the higher the value

of the degradation temperatures increases, the higher the

thermal stability is.

The data obtained from the TG curves shown in Figs.

8a and 9a demonstrate that the thermal stability of the

prepared nanocomposites was better than that of the pure

PEMA and PHEMA. The incorporation of sepiolite into

these polymers was found to enhance thermal stability.

This finding may be result of two reasons: (i) sepiolite

may act as a superior insulator and a mass transport bar-

rier to the volatile products generated during decomposi-

tion as observed MMT-polymer nanocomposites [1]. This

effect may not be as important for sepiolite nanocompo-

sites as being the MMT nanocomposites, because sepiolite

FIG. 3. XRD patterns of pure PHEMA and its nanocomposites.

FIG. 4. XRD patterns of pure PEMA and its nanocomposites.
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is a needle like shaped clay while MMT is a platelet-like.

(ii) Sepiolite acts as a ‘‘crosslinking agent’’ retarded the

motion of the polymer chains [6]. It was observed that

the increase in thermal stability for PEMA was higher

than that of PHEMA. The addition sepiolite into PHEMA

got the interactions of polymer chains weaker than those

occurred in the case of PEMA.

When the loading effect was considered, it was found

that the thermal stability of PEMA nanocomposites

increased with loading percent of modified sepiolite,

but it decreased in the case of unmodified sepiolite

loading percent. The effect of sepiolite on the thermal sta-

bility is expected to increase with improving the degree

of dispersion of sepiolite. For SepPEMA5%, the degree

FIG. 5. TEM images of sepiolite (a), modified sepiolite (b), PEMA and PHEMA nanocomposites with

them (c, d, e).
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of dispersion is not so high as in SepPEMA2.5% because

of agglomeration observed in XRD pattern of Sep-

PEMA5%.

In the case of PHEMA, as the loading percentage of

sepiolite/modified sepiolite in the nanocomposites

increased, the thermal stability of PHEMA nanocompo-

sites also increased, albeit slightly. No significant differ-

ence was found in the thermal properties of sepiolite and

modified sepiolite with 3-APTS nanocomposites.

In addition, as given in Table 1, the char yield

increased in line with the amount of sepiolite and modi-

fied sepiolite and this enhancement of the char formation

was ascribed to the high heat resistance exerted by them.

Thermal degradation of poly-n-alkyl methacrylates

(PAMAs) produces monomers as a result of depolymer-

ization, which is the main reaction in this degradation

process. The formation of poly(methacrylic acid) is also a

characteristic process in PAMAs’ thermal degradation at

high temperature except poly(methyl methacrylate). The

degradation products are of low molecular weight and

their composition depends on the chemical structure of

FIG. 6. FTIR spectra of pure PEMA, PHEMA and their composites: (a) PEMA, (b) SepPEMA2.5%, (c)

ModsepPEMA2.5%, (d) PHEMA, (e) SepPHEMA2.5%, (f) ModsepPHEMA2.5%.

FIG. 7. The interactions in PEMA and PHEMA.

FIG. 8. TG (a) and DTG (b) curves of pure PEMA and its nanocompo-

sites.

1590 POLYMER COMPOSITES—-2009 DOI 10.1002/pc



the side chain of the polymer [34, 35]. Pyrolysis studies

of PEMA [36, 37] and PHEMA [38–40] show that the

degradation of these polymers is very similar at least in

the initial stage which is monomer evolution step. The

reactions involving initial cleavage of head-to-head link-

ages and b-scission at vinylidene chain ends followed by

unzipping occurred in the initial stages to about 3008C
were shown in Eqs. 2 and 3 [39].

According to our results given in Fig. 8b, after the initial

stages the formation of poly(methacrylic acid) (�250–

3508C), the formation of anhydride structures (�350–

4208C) and the degradation of the polymer itself by the

decomposition of the partially degraded backbone carry-

ing anhydride groups [35] (�420–5008C) occurred in the

degradation of PEMA. In the case of PHEMA, the reac-

tions from about 300–5008C included the formation of

poly(methacrylic acid), poly(methacrylic anhydride)s, eth-

ylene glycol, and ethylene glycol dimethacrylate [40].

The reactions involve main products (a–d) in the degrada-

tion of PEMA and PHEMA after the initial stages were

shown in Eq. 4 and 5 [39–42].

The DTG thermograms revealed that sepiolite/modified

sepiolite produced the changes in the thermal degradation

mechanisms of the polymers. For SepPEMA nanocompo-

sites, the shift of the right shoulder in DTG curve of

PEMA to higher temperature and broadening in the peak

related to the formation of anhydride structure was
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observed in DTG thermograms of PEMA composites as

shown in Fig. 8b. In the case of PHEMA composites, the

distinct peak which was not observed in PHEMA at

around 4208C was identified in the DTG curves, as can

be seen Fig. 9b.

Infrared spectra of residues at various temperatures

(360, 400, 420, and 4508C) were studied to understand

the observed differences in the DTG curves. Important

differences were observed at 4208C as shown in Fig. 10.

While poly(methacrylic acid), shown as in Eq. 4 and Fig.

10, was still observed at 4208C in PHEMA nanocompo-

sites, it did not appear in PHEMA. This finding showed

that the decomposition rate of poly(methacrylic acid)

decreased in the presence of sepiolite. In respect of the

FTIR spectra of the residues of PEMA and its nanocom-

posites at 4208C, no difference was found in the forma-

tion of poly(methacrylic acid). But the appearance of the

band related to carbon dioxide at around 2,350 cm21 and

of a decrease in the intensity of the peaks between 1,750

and 1,800 cm21 in FTIR spectra of PEMA nanocompo-

sites showed that the decomposition of anhydride struc-

tures (b) advanced more rapidly than PEMA. The fact

FIG. 10. FTIR spectra for the residues of PEMA, PHEMA, and their nanocomposites (NC) at 4208C.

FIG. 9. TG (a) and DTG (b) curves of pure PHEMA and its nanocom-

posites.

TABLE 1. The data obtained from TG and DSC curves of the

polymers and their nanocomposites.

System

T5
(8C)a

T10
(8C)

T50
(8C)

T80
(8C)

Char

(%)

Tg
(8C)b

PEMA 217 235 303 356 �0 64

Sep-PEMA 2.5% 266 276 349 386 1.9 70

Sep-PEMA 5% 237 256 338 389 5.6 67

Modsep-PEMA 2.5% 251 267 341 381 3.3 72

Modsep-PEMA 5% 262 273 343 387 5.2 73

PHEMA 286 301 364 401 �0 92

Sep-PHEMA 2.5% 286 301 371 415 2.6 90

Sep-PHEMA 5% 292 309 380 421 6.3 104

Modsep-PHEMA 2.5% 288 301 368 411 1.7 96

Modsep-PHEMA 5% 292 308 378 420 4.4 99

a The temperature for 5% weight loss.
b The temperature of glass transition.
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that the bands between 800 and 1,200 cm21 for both of

poly(ethyl methacrylate) and poly(2-hydroxyethyl methac-

rylate) were different in comparison to their nanocompo-

sites confirmed the changes in DTG curves of nanocom-

posites.

DSC Measurements. Glass transition (Tg) temperatures

of poly(ethyl methacrylate), poly(2-hydroxyethyl methac-

rylate) and their composites were measured from DSC

curves shown in Fig. 11 and the obtained values are

shown in Table 1. Tg temperatures of PEMA and PHEMA

usually increased by adding sepiolite/modified sepiolite,

as can be seen from Fig. 11 and Table 1. The result indi-

cated that the mobility of these polymers molecules was

restricted by the dispersed sepiolite/modified sepiolite.

CONCLUSIONS

Solution intercalation method was used to prepare pol-

y(ethyl methacrylate) and poly(2-hydroxyethyl methacry-

late) composites with sepiolite in pristine and silylated

form. The composites were characterized by XRD, TEM,

FTIR, TG/DTG, and DSC. The data obtained from XRD

and TEM indicated that the fibers of sepiolite dispersed in

matrix at a nanometer scale and their volume fractions

decreased in the composites, confirming the formation of

nanocomposite.

When the difference in the interactions between

PEMA/PHEMA and sepiolite/modsepiolite was investi-

gated by FTIR data, it was observed that Van der Walls

forces in PEMA and hydrogen bonding in PHEMA can

be effective during the preparation of nanocomposites

with sepiolite/modified sepiolite. The increase in thermal

stability of nanocomposites for PEMA was higher than

that of PHEMA because of the weakening hydrogen

bonds in PHEMA in the presence of sepiolite/modsepio-

lite. In addition, the DTG analysis revealed that sepiolite/

modified sepiolite caused some changes in thermal degra-

dation mechanisms of the polymers as confirmed by

FTIR. According to the DSC curves, the Tg temperatures

of PEMA and PHEMA usually increased by adding sepio-

lite/modified sepiolite. There was no relationship between

the increase in thermal stability/Tg temperatures and

amount of the fillers.

Modification of sepiolite with APTS had a slight influ-

ence on thermal properties of the nanocomposites. Merely

the modified sepiolite dispersed in PEMA better than the

unmodified sepiolite according to the XRD and TG data

because the modifying agent, 3-APTS, improved the inter-

action of surface with PEMA.
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