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ABSTRACT: Ordered mesoporous silica has been drawn great interest in many areas of modern science and technology. In this study,

mesoporous silica KIT-6 was modified with 3-mercaptopropyl-trimethoxysilane by sono-chemical method and reflux. Low-angle pow-

der X-ray diffraction (XRD) and transmission electron microscopy (TEM) images confirmed the presence well-ordered arrangement

of large pores and a relatively ordered mesostructure for the functionalized materials. The nanocomposites of polyamide-6 and

modified-KIT (3 and 6 wt %) were prepared under reflux and followed by sonication for 2h. The prepared hybrid nanocomposites

were characterized by Fourier transform-infrared spectroscopy, XRD, field emission-scanning electron microscopy and TEM techni-

ques. Thermogravimetric analysis data showed that the onset of decomposition temperature of the nanocomposites was higher than

that of pristine polyamide-6, shifting toward higher temperatures as the amount of modified-KIT was increased. VC 2015 Wiley Periodi-

cals, Inc. J. Appl. Polym. Sci. 2016, 133, 43098.
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INTRODUCTION

Recently, the design and the development of ordered mesopo-

rous silicas have been attracted in mesoporous areas, which

originate from their great applications in drug delivery, catalysis,

adsorption, and energy conversion or storage.1–8 Ordered meso-

porous silicas due to their high surface area, controllable pore

structures and the favorable morphologies, display an attractive

area of nanotechnology and materials sciences. The most impor-

tant part of the mesoporous materials is usually carbon and sili-

con (For example FDU-1, FDU-12, FDU-15, SBA-6, SBA-16

and KIT-5, 6). These materials have been contributing in differ-

ent area of modern nanoscience and nanotechnology such as

homogeneous and heterogeneous catalyst, water and gas filtra-

tion, separation, and power storage technology.9–12 Among the

mesoporous compounds, KIT-6 with interpenetrated bicontinu-

ous network of channels shows a three-dimensional cubic Ia3d

symmetric structure. This provides more spaces for direct link

to guest materials without pore blockage due to their unique

three dimensional channel networks.13

According to the previous study, the reactivity and water-hating

nature with poor dispersion ability in polar solvents of unmodi-

fied ordered mesoporous materials such as FDU and KIT, is

unfavorable for a lot of fields since their performance in cataly-

sis, filtration, electronics, and separations require a functional-

ized mesoporous surface.13 As a result, surface modification and

functionalization of mesoporous silicas is necessary for the

design of novel hybrid materials and high performance of spe-

cific systems.13,14 In recent years, the surface functionalizations

of mesoporous materials have received much attention.13 Halo-

genation, surface oxidation and/or activation and grafting

through diazonium coupling are in the list of active methods

which can be used for the mesoporous silicas functionaliza-

tion.15–19 Among them, surface oxidation is one of the most

effective and advanced methods for activating the surface,

because it has two advantages, the first of it is attachment of

oxygen-containing groups and the seconds is alteration of the

surface hydrophilic/hydrophobic balance.14

Among thermoplastic polymers, nylon polymers are widely used

materials due to their significant advantages such as low mate-

rial cost, low density, corrosion resistance, compound custom-

ization, insulation qualities, and good load bearing capacity.

Polyamide-6 as one of the most important types of aliphatic

polyamide is widely used in many different fields since its inex-

pensive, superior film-forming ability, good physical strength,

strong mechanical/chemical properties and high thermal stabil-

ities.20,21 So, there has been considerable interest in recent years

to polyamide-6 based nanocomposite (NC) materials.22–24 There

has also been considerable interest in recent years to replace

thermosets with nylon-6 in light-weight composite products,

such as turbine blades.25 This is because compared with
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thermosets, nylon-6 potentially provides higher resistance to

fatigue and the composites can be remolded upon melting, thus

presenting a prospective environmentally friendly manufacturing

process.26

Although, ordered mesoporous silicas have been widely used in

different areas, but using these porous materials as polymer

additive or polymer filling have received low attention.27

According to the previous studies, by using mesoporous silica as

filler in the polymer matrix, the thermal and mechanical prop-

erties of the obtained NCs were improved.27–29 It has been

found that strong interactions or chemical bonding between the

polymer components and the inorganic fillers may provide

improvement on both reinforcement and toughening.28 The

enhanced chemical bonding between silica and the polymer

may also result in better thermal stability.30

In this research, we attempted to synthesize silica/polymer NCs

using modified mesoporous silica particles as fillers. First, the

reactive functional groups of the KIT-6 were modified with 3-

mercaptopropyl-trimethoxysilane. Then, 3 and 6 wt % of modi-

fied KIT-6 were used as fillers for the preparation of polyamide-

6/modified KIT-6 nanocomposite (PA6/mKIT-6 NCs) materials.

The obtained NCs and modified KIT-6 were characterized with

small angle X-ray diffraction (XRD), Fourier transform infrared

spectra (FT-IR), thermo gravimetric analysis (TGA), transmis-

sion electron microscopy (TEM) and field emission scanning

electron microscopy (FE-SEM) techniques.

EXPERIMENTAL

Materials

3-Mercaptopropyl-trimethoxysilane, formic acid, tetraethyl ortho-

silicate (TEOS) and HCl were purchased from Merck Chemical

Co. and used without further purification. Triblock copolymer

Pluronic P123 [average Mn 5 5800, (EO)20(PO)70(EO)20] was

purchased from Aldrich Chemical Inc. Commercial grade UBE

nylon P1011F (Nylon-6, commercial name- Polyamide-6, PA6)

was procured from UBE America (USA). The density of nylon-6

is 1.09–1.19 g/cm3, while the melting point is around 2258C. The

mechanical property data as provided by the supplier are: tensile

strength, 70–80 MPa; tensile elongation at break, 100%; and ten-

sile modulus, 1–3 GPa.

Instruments

FT-IR spectra of the polymers were recorded with a Jasco-680

(Japan) spectrometer from 400 to 4000 cm21, using KBr pellet

technique by making 60 scans at 4 cm21 resolution. The small

angle powder XRD data was measured by an XRD (Bruker

Nanostar U) with Cu Ka radiation (k 5 0.1542 nm) at 45 kV

and 100 mA. The diffraction patterns were collected between 2h
of 0.38 and 88 at a scanning rate of 0.058/min. TGA of the sam-

ples were carried out in a nitrogen atmosphere by heating rate

of 208C/min from room temperature to 8008C using the

STA503 TA instrument. The morphology of the nanostructure

materials was examined by FE-SEM (HITACHI, S-4160) and a

TEM (Philips CM 120, Netherlands). To preparing FE-SEM

images, the powdered sample was dispersed in H2O, and

then the sediment was dried at room temperature before gold

Figure 1. Modification of KIT-6 with 3-mercaptopropyltrimethoxysilane and preparation of PA6/mKIT-6 NCs. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 2. FT-IR spectra of the KIT-6 (a), mKIT-6 (b), neat PA6 (c) and

NC of PA6 with 3 (d) and 6 wt % (e) of mKIT-6. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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coating. The sono-chemichal reaction was carried out on

a MISONIX ultrasonic liquid processor, XL-2000 SERIES

(Raleigh, North Carolina, USA). Ultrasound was a wave of

frequency 2.25 3 104 Hz and power of 100 W.

Preparation of Ordered Mesoporous Silica’s, KIT-6

The mesoporous silica KIT-6, was synthesized following meth-

ods reported elsewhere by Ryoo and coworkers.31 A triblock

copolymer (Pluronic P123, EO20PO70EO20) and tetraethylortho-

silicate (TEOS) were utilized as the structure-directing agent

and framework source, respectively.

Modification of KIT-6 with 3-mercaptopropyl-

Trimethoxysilane

Silane coupling agent was used as surface modifier for KIT-6 by

the follow procedures: KIT-6 was dried at 1058C for 3 h to

remove the absorbed water. 40 lL of 3-mercaptopropyl-

trimethoxysilane and 0.4 g of KT-6 were added into 25 mL of

ethanol. They were mixed at room temperature under stirring,

refluxed for 24 h, and then subjected to ultrasonic irradiation

for 2 h. Finally, the suspension was collected by centrifuge

(600 rpm) and washed 3 times with 10 mL ethanol to remove

unreacted silane coupling agent and then dried at 608C for 24 h

to formed modified mesoporous silica KIT-6 (mKIT-6).

Synthesis of PA6/mKIT-6 NCs

The PA6 solution was prepared by dissolving 4 g of commercial

PA6 in 20 mL of formic acid by stirring and refluxing until a

clear solution was emerged (2 h). Then different amounts of the

mKIT-6 (3 and 6 wt %) were mixed with 5 mL of formic acid

and ultrasonicated for 30min. Then, the mixture of the mKIT-6

was added dropped wise to the nylon-6 solution. The mixture

was refluxed in the formic acid for 4h and followed by sonica-

tion for 2h. The solution was then cast onto a clean glass, and

the solvent was evaporated at RT and brittle films were formed.

RESULTS AND DISCUSSION

Preparation of PA6/mKIT-6 NCs

Poor wettability and dispersibility in polar solvent of pristine

mesoporous KIT-6 materials are unfavourable for the prepara-

tion of polymer NCs.32 Thus, surface functionalization of KIT-6

is crucial for the development of new hybrid materials for spe-

cific applications. In this study, the surface of the KIT-6 was

treated with 3-mercaptopropyl-trimethoxysilane. The details of

the mechanism are shown in Figure 1. By this way, the alkoxy

groups of silane coupling agent reacts readily with the hydroxyl

groups of the surface. Thus, steric hindrance could be created

between KIT-6 particles via modification and the process of

agglomerate formation is significantly reduced. Therefore,

modified-KIT could be used as good filler for the synthesis of

the NCs.

The in-situ polymerization process was used in preparation of

the majority of the nylon-6 based composites.33 In this method,

the nanoparticles are added in e-caprolactam and the nylon-6

was obtained through a ring opening polymerization mecha-

nism by heated at longer time to high temperatures (>2008C),

and then it was used as in-situ NC process.34 Furthermore, the

in-situ method is not a safe condition for modifiers and nylons

where a condensation mechanism is involved and high tempera-

tures is applied. In this regards, solution polymerization method

Figure 3. XRD patterns of the KIT-6 (a), mKIT-6 (b), and NC of PA6

with 3 (c) and 6 wt % (d) of mKIT-6. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 4. FE-SEM images of mKIT-6 (a), and NC of PA6 with 3 (b) and 6 wt % (c) of mKIT-6.
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was investigated here for preparation of different NC materials

by using formic acid as solvent (Figure 1).

CHARACTERIZATION TECHNIQUES

FT-IR Study

FT-IR spectra of KIT-6, mKIT-6, neat PA6 and NCs of PA6

with 3 and 6 wt % of mKIT-6 are depicted in Figure 2. In the

FT-IR spectrum of the KIT-6, the broad peak around

3350 cm21 is assigned to stretching hydroxyl groups (O–H) of

KIT surface [Figure 2(a)]. The broad band between 1129 and

1015 cm21 is due to internal and external asymmetric Si–O–Si

stretching modes and the bands at 793 cm21, 434 cm21 are

assigned to symmetric stretching and bending mode of Si–O–Si,

respectively. The FT-IR spectrum of the modified KIT-6, with

3-mercaptopropyltrimethoxysilane, is shown in Figure 2(b). The

peaks at 2924 and 2849 cm21 are corresponded to the CH

bonds in the silane coupling agent. Thus the above spectrum

indicated the reaction of coupling agent with KIT-6.

Figure 2(c,d) displays the detailed FT-IR spectra of PA6/mKIT-6

NCs with 3 and 6 wt % of mKIT-6, respectively. Broad band at

1636 cm21 assigned to the stretching vibration of the C5O

groups of the amide functional group; another stronger bands

at 2879 and 2980 cm21 are due to the CAH stretching vibra-

tions of the PA6 saturated chains. The bands shown at 3300

and 30240 cm21, respectively assign to the symmetrical stretch-

ing and asymmetrical vibration of NAH functional group.

CAN stretching vibration peak at 1570 cm21, and NAH bend-

ing vibration peak at 1290 cm21, all attributed to PA6. The FT-

IR resulting hybrid compounds of the PA6/mKIT-6 NCs, not

only have essential characteristic of pure PA6 bands but also

have a characteristic peaks for mKIT-6 [Figure 2(c,d)]. As a

result, these analyses showed the formation of the PA6/mKIT-6

NCs.

X-ray Diffraction

The low-angle XRD patterns of the unmodified KIT-6 and

mKIT-6 are shown in Figure 3. The XRD patterns of these sam-

ples indicated sharp diffraction peak at around 0.84-0.938 and

two other weak reflections at 1.34 and 1.688. As shown in Fig-

ure 3, they can be indexed as the (2 1 0), (2 2 0) and (4 2 0)

reflections of a 3-D cubic structure with Ia3d space group sym-

metry.35 The diffraction peaks shifted a little to lower 2h angles

and decreased progressively in intensity by modifications, which

indicates that the ordered mesoporous structures were actually

affected by the introduction of the organic substrate. Also, the

XRD patterns of PA6/mKIT-6 NCs with different mKIT-6 (3

and 6 wt %) are shown in Figure 3(c,d). The XRD peaks of the

Figure 5. TEM images of mKIT-6 (a,b) and NC of PA6 with 3 wt % of mKIT-6 (c,d).
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KIT-6 can still be observed in the nylon-6 based NCs. The peaks

shoulder at higher angles are too weak for 3 wt % [Figure 3(c)]

and disappear for 6 wt % [Figure 3(d)] so they are attribution

that the ordered structures of KIT-6 have little aggregation and

it may be uniformly dispersed throughout the polymer

matrix.36

Morphology (FE-SEM and TEM)

Figure 4 shows the morphological information of the mKIT-6

and PA6 NCs with 3 and 6 wt % of mKIT-6 as modifier. The

FE-SEM image of the mKIT-6 [Figure 4(a)] displays platelet-

like structure with lateral dimensions ranging over a few micro-

meters and consists of plate-like morphology, which is aggre-

gated. NCs of the PA6 with 3 wt % of the mKIT-6 [Figure

4(b)] show the micrograph which exhibits the good dispersion

of KIT-6 into polymer matrix but for NC with 6 wt % of the

modified KIT-6, the resulting materials have smooth morphol-

ogy [Figure 4(c)].

TEM images of the mKIT-6 and the NC of PA6 with 3 wt % of

mKIT-6 with two different magnifications are shown in Figure

5. These images confirm the presence of large pores and a rela-

tively ordered mesostructure for the mKIT-6 with the pore size

of 5-7 nm [Figures 5(a,b)]. According to the TEM images, NC

with 3% of mKIT-6 showed an indistinct edge and a less disor-

dered mesoporous structure due to the chain entanglement of

PA6 on the surface of the mKIT-6. Some aggregation could also

be observed in the TEM images of this compound [Figures

5(c,d)].

Thermal Properties

Figure 6 shows the TGA curves of KIT-6 and mKIT-6. The ther-

mograms of the modified KIT in comparison to the unmodified

one, provides an indication of organic modifier effects on the

decomposition of the mesoporous materials. According to the

Figure 6, the unmodified KIT-6 has a very small weight loss,

with only 2 wt % around 6008C. However, after the functionali-

zation, the treated samples show considerable weight loss at low

temperatures. In mKIT-6 the number of decomposition stages

was increased. According to TGA curve, the thermal decomposi-

tion of mKIT-6 has three steps: The first one at 100–2508C is

due to the removal of water or silane coupling agent that physi-

cally absorbed at the surface of the mKIT-6. The second stage

weight loss is from 280 to 4508C, which may be attributed to

the decomposition of the silane coupling agent. The third one

at 450–6508C is attributed to the further decomposition of sta-

ble oxygen-containing groups. These results indicated the suc-

cessful functionalization on the KIT-6.

The thermal stability of the NCs has been studied using stand-

ard thermal analysis techniques. Figure 7 shows the TGA curves

of the pure PA6 and NC of PA6 with 3 and 6% of mKIT-6.

According to the Figure 7, the TGA curves of the NCs are simi-

lar to the pure polymer. The decomposition temperature was

increased as the mKIT-6 filler content was increased in PA6.

The onset of decomposition temperature (temperature at 10%

weight loss; Td) was found to increase for all resulting NCs. The

Td of PA6 was at 3748C and for NCs of PA6 with 3 and 6% of

mKIT-6 was at 4448C and 4528C, respectively. The onset of

decomposition temperature was higher by 708C in comparison

to that of pure PA6. The char yield (the residue at 800 �C) of

the pure PA6 was 2%, although the PA6/mKIT-6 NCs with 3

and 6 wt % were 7 and 8%, respectively (Figure 7). Overall, the

resulting NCs had better thermal stability, as compared to PA6,

due to the good thermal stability of the modified mKIT-6. This

improvement could be owing to the good interaction between

the polymer matrix and mesoporous mKIT-6 as well as the

inherently good thermal stability of mesoporous mKIT-6. These

results show an important enhancement in the stability of PA6

making the PA6/mKIT-6 NCs highly attractive in critical indus-

trial applications of this very important semi-crystalline engi-

neering thermoplastic.

CONCLUSIONS

Ordered mesoporous silicas KIT-6 was modified by 3-

mercaptopropyl-trimethoxysilane with a sonochemical tech-

nique as a simple and green method. The FT-IR XRD and TGA

analysis confirmed this surface treatment. Solution mixing

method was used as grafting the different amounts of mKIT-6

(3 and 6 wt %) into polymer matrix. However, TEM and FE-

Figure 6. TGA thermograms of the KIT-6 (a), mKIT-6 (b). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 7. TGA thermograms of the PA6 and NCs of PA6 with 3 and 6 wt

% of mKIT-6. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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SEM results indicated the dispersion of mKIT-6 in the PA6

matrix. TEM images showed well-ordered hexagonal arrays of

mesopores mKIT-6 and the average distances between the

neighboring pores in the mKIT-6 and NC with 3% of mKIT-6

were around 5 nm and 6 nm, respectively. With regard to the

geometry and pore size distribution of the mesoporous KIT-6,

the thermal stabilities of the NCs materials were increased by

addition of mKIT-6 into the PA6 matrix. The results predict

that by combination of different amount of KIT-6 as modifier

for PA6 exhibits high-performance nanofiller for target polymer,

for developing the practical experience of PA6.
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