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ABSTRACT: One commercial type of fumed silica modified with methoxy polyethylene glycol (mPEG) plasticizer was incorporated

into polylactic acid (PLA) biobased polymer to improve its performance. The modification on silica was confirmed through Fourier

transform infrared spectra, nuclear magnetic resonance, and TGA assessments. The grafting percentage of mPEG onto silica was about

19.8 wt %. Transmission electron microscope revealed a similar degree of dispersion for control silica and modified silica-filled PLA

nanocomposites. Not much difference in the glass transition temperatures at various silica contents was found for PLA/control silica

systems from the differential scanning calorimetry measurement, but the glass transition temperature of PLA/modified silica nano-

composite at 10 phr of modified silica showed up to 11�C decrement. It was suggested that the mPEG plasticizer efficiently plasti-

cized the PLA matrix through the enhanced segmental mobility of PLA chains. Young’s modulus of PLA was about 2133 6 53 MPa,

and the value for the nanocomposite increased to 2547 6 54 MPa at 10 of phr control silica mainly due to the reinforcing effect

from nanoparticles. For modified silica, Young’s modulus decreased at various silica contents. The elongation at break for modified

silica-filled cases was higher than that of control silica-filled cases. These results were attributed to the plasticizing effect of surface

modifier. Optical transmittance for pristine PLA was generally in a similar order as PLA/control silica and modified silica cases at var-

ious silica contents. The results agreed with the morphology observation as well. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130:

496–503, 2013
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INTRODUCTION

Nanocomposites formed through the hybrid of organic matrix

and inorganic dispersed phase rendered significant advances in the

development of polymer technology. Thus, much attention has

been paid on the recent progress in light of the nanotechnology at

the nanometer scale. In particular, it is imperative to enhance the

interfacial interaction between polymer matrix and dispersed inor-

ganic particles to make the most of the high surface area of nano-

particles in achieving the best properties. Philipp and Schmidt1

and Wilkes et al.2 conducted the pioneered research on the prepa-

ration of organically modified silicates (ORMOSIL or CERAMER)

using various types of alkoxysilane via a sol-gel process to avoid

the aggregation of nanoparticles due to the strong silanol

(SiAOH) interactions between silicates and enhance the interfacial

interaction between polymer matrix and dispersed particles. Tre-

mendous works have applied a similar concept to alleviate the

problem of particle aggregation in the academia and industries.

The growing environmental concern toward sustainable devel-

opment has led to the uprising interests on the development of

biodegradable or biomass polymers.3 Polylactic acid (PLA) syn-

thesized through the ring opening polymerization of lactide

obtained from the fermentation of the sugar feedstock, such as

corn, etc., has been valued as an important biomass polymer

used in the biomedical and environmental applications in light

of its biodegradability, biocompatibility, and nontoxicity.4 How-

ever, because of its brittleness and low thermal stability, etc., the

novel development of PLA nanocomposites to further improve

and enhance its related properties has been widely conducted

recently.4–20

Despite of numerous researches engaged in the development of

nanoclay-filled systems,4–12 only limited PLA/silica nanocompo-

sites were investigated recently in the literature.13–20 Yan et al.13

carried out the first study on the preparation of nanosilica

grafted with lactic acid, which was then melt-blended with PLA

to enhance the interfacial interaction and increase the elonga-

tion at break of the nanocomposites up to eight times. Yan

et al.16 pointed out that the small amount of silica prepared by

a sol–gel method could improve tensile strength of plasticized
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PLA/silica nanocomposites in a great extent. Huang et al.17,18

suggested that nanoscale silica particles prepared via a sol-gel

method appeared to act as a heterogeneous nucleation role to

increase the crystallization of PLA, but microscale silica tended

to inhibit the crystallization. Zhu et al.19 prepared PLA/SiO2

nanocomposites using oleic acid-modified silica and reported

that only 1% of modified silica could enhance the flexibility of

PLA up to 3.2 times. The complex viscosity was analyzed to

probe the particle aggregation of PLA/modified silica nanocom-

posites. However, no comparison on the neat silica-filled PLA

system was reported.

To the authors’ best knowledge, there is no literature available

that discussed the effects of PEG-modified nanosilica on PLA/

silica nanocomposites to illustrate the significance of surface

effect under a melt-blended process. Instead of adding a com-

mon plasticizer into the PLA matrix, we tried to graft the plasti-

cizer onto the silica surface to form plasticized silica by combin-

ing both plasticizing (plasticizer) and reinforcing (silica) effects

to balance the performance of nanocomposites. In addition, the

prevailing surface modification processes in the literature often

led to high dispersion of silica, which made it hard to separate

independently, the surface modification effect and silica disper-

sion effect. In this study, the selected commercial silica exhibited

a high dispersion degree in the matrix. Even though the specific

surface modification was carried out, the silica with or without

surface modification still remained a similar dispersion in gen-

eral. Therefore, a direct effect of the surface modifier on other

properties could be elucidated under the similar silica disper-

sion after modification. This work aims to unveil this important

observation further and focuses on thermal properties and

tensile properties to contrast the significance of the surface

modification role in this silica-filled nanocomposite system.

EXPERIMENTAL

Materials

The materials used in this study were poly(lactic acid) (PLA)

and one commercial fumed silica (Aerosil), c-glycidoxypropyl-
trimethoxy silane (GPS), and methoxy polyethylene glycol

(mPEG). PLA with a D-isomer content of 12% and a density of

1.24 g/cm3 was supplied from NatureWorks LLC under the

trade name of 4060D. Fumed Silica, Aerosil
VR

A200, manufac-

tured by Degussa, had a primary particle size of 12 nm. Aero-

sil
VR

A200 with a density of 2.2 g/cm3 was hydrophilic fumed

silica without any organic treatment. The silane coupling agent

(GPS) and mPEG (molecular weight of 750 g/mole) obtained

from Acros organics were used to modify the silica surface. All

other reagents and solvents, including isopropyl alcohol (IPA),

dichloromethane, and deionized water, were used as received.

Sample Preparations. The surface treatment of silica was modi-

fied based on the literature work.21 Five grams of silica were

added into 250 mL of IPA solution, followed by a ultrasonic

treatment for 30 min. Twenty-five grams of GPS were hydro-

lyzed in a solution at a weight ratio of water/GPS/IPA ¼ 1.5/1/3

for 3 h. The hydrolysis solution was added to the silica/IPA

mixture for grafting reaction under 70�C for 3 h. Then, the

silica mixture was well mixed in a homogenizer for 30 min, fol-

lowed by another ultrasonic treatment for 15 min. Afterwards,

the above mixture subjected to vacuum filtering was thoroughly

washed with IPA for five times. The prepared GPS-silica was

stored into the refrigerator for further use. For the mPEG graft-

ing reaction, 5 g of prepared GPS-silica and 1.5 g of mPEG

were added into in 250 mL of dichloromethane solution, which

was well mixed by a homogenizer for 30 min. The homogene-

ous mixture was mixed with boron trifluoride etherate

(BF3�O(C2H5)2) catalyst for the grafting reaction at �10�C for

45 min. Afterwards, the mPEG750-silica was obtained by vac-

uum filtering after a thorough IPA wash for two times. The

bare silica was treated under the same procedure, denoted as

control silica hereafter, to ensure the same thermal history for

better comparison. For the preparation of composites, PLA and

the modified silica [1, 4, 10 phr (parts per 100 resins)] were

mixed using an internal mixer (Brabender 815605, Plastograph)

under 10 rpm for first 3 min and 80 rpm for another 7 min at

160�C. For comparison, pristine PLA was also melt-blended as

the reference material. The prepared batch was then hot-pressed

at 160�C to obtain about 1 mm thick specimen. After their

preparation, the samples were placed for at last one day in a

vacuum drier before any measurements.

Measurements

Structure Characterizations. The Fourier transform infrared

spectra (FTIR) of modified silica were recorded on spectropho-

tometer (Perkin Elmer, Spectrum 100) at a resolution of 4 cm�1

for 32 scans from 400 to 4000 cm�1. 13C MAS solid-state Nu-

clear magnetic resonance (NMR) experiments were performed

on a 400 MHz solid-state NMR spectrometer (Brunker, DSX400

WB). 13C NMR CP/MAS spectra were measured at a spinning

speed of 6.5 kHz and a scanning range from 180 to �10 ppm

using a 25 kHz spectral width (5.0 ls 90� pulses) with a contact

time of 1 ms and a delay time of 2 s.

Morphological Characterization. Transmission electron mi-

croscopy (TEM) was used to evaluate the dispersion of silica

within the PLA matrix. The observations were performed on

ultrathin sections of microtomed composite films with a Hitachi

H-7100 using an acceleration voltage of 75 kV.

Characterization and Thermal Analysis. The grafting degree of

modified silica and thermal stability of the composites were

determined using a Thermogravimetric Analyser (TGA; Perkin

Elmer, Pyris 1) with a heating rate of 20�C/min from 50 to

800�C in a nitrogen environment. The grafting degree GX (GPS

grafting) and PX (PEG grafting; %) were roughly estimated

based on the literature22 given below. For GPS-silica case, GX is

equal to (Wx � Ws)/(Wg � Ws), where Wx, Wg, and Ws are the

residual weight difference (wt %) of epoxy silane-modified

silica, GPS, unmodified silica, respectively, at the temperature

between 100 and 800�C. For mPEG750-silica case, PX is equal

to (Wpx � Wgs)/(Wp � Wgs), where Wpx, Wp, and Wgs are the

residual weight difference (wt %) of PEG-modified silica, PEG,

GPS-modified silica, respectively.

The glass transition temperature (Tg) was determined using a

differential scanning calorimetry (TA DSC, Q10) at a heating

rate of 20�C/min from �10 to 200�C. In addition, a dynamic

mechanical analyzer (Perkin Elmer, Pyris Diamond) was used to

confirm Tg (Peak value of tan d through the ratio of dynamic
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loss modulus to storage modulus) under a 3-point bending

mode at a frequency of 1 Hz and at a heating rate of 2�C/min

from 25 to 100�C.

Mechanical Properties. Tensile measurements were conducted

based on ASTM-D368 at a crosshead speed of 5 mm/min using

an Instron 4469. Tensile strength, elongation at break, and

Young’s modulus were recorded.

Optical Transmittance. The Optical property was evaluated

using a UV–visible light spectrophotometer (HITACHI, U2010)

with a scanning wavelength from 200 to 900 nm for 1 mm thick

samples.

RESULTS AND DISCUSSION

Structure and Thermal Characterization of Modified Silica

To ensure a successful grafting reaction of silane (GPS) onto

silica, FTIR was employed to determine the targeted functional

groups. Major regions of the FTIR spectra of silica with or

without mPEG modification are depicted in Figure 1 for com-

parison. The stretching of SiAOH bonds at 960 cm�1 was the

characteristic band of control silica. After the epoxy silane graft-

ing reaction, the characteristic absorption regions of GPS-silica

on CAH groups (2947 cm�1 and 2895 cm�1), and epoxy peak

(910 cm�1) are not clearly observed due to the resolution of

curves as indicated in the literature.23 Therefore, the grafting

reaction of GPS-silica was also conducted at room temperature

for comparison. Clearly, if one takes a close look on the curves,

the cases of high grafting ratio of GPS in the regular grafting

process did show broad bands of CAH bonding [Figure 1(c)],

but no visible CAH peaks for the additional work on the graft-

ing of GPS prepared at room temperature [Figure 1(e)] were

observed. Basically, the results confirmed the effective grafting

of epoxy silane. After GPS-silica reacted with mPEG further, the

characteristic absorption of epoxy peak disappeared through the

epoxy ring of GPS-silica and OH group of mPEG. Similarly,

high grafting ratio of mPEG in the regular grafting process did

show broad bands of CAH bonding [Figure 1(d)], but no visi-

ble CAH peaks for the additional work on the grafting of

mPEG onto GPS-silica prepared at room temperature [Figure

1(f)] were observed. Thus, the effective grafting of mPEG onto

silica was justified. However, the later evaluation on the weight

loss of GPS-silica and mPEG-silica prepared at room tempera-

ture still showed some grafted/coated mixtures of surface modi-

fiers on the silica surfaces resulting from the strong silanol reac-

tion between silica and silane.

To get further, the detail of modified silica structure, 13C CP/

MAS NMR to probe the information of carbon environment

was employed, as shown in Figure 2. There were no carbon

traces for control silica particles. After epoxy silane treatment,

six major resonance peaks from epoxy silane were observed at

10 ppm (a), 23 ppm (b), 72 ppm (c), 74 ppm (d), 53 ppm (e,
epoxy ring), and 44 ppm (f, epoxy ring).24 Owing to the reac-

tion of epoxy group and hydroxyl group on mPEG, additional

characteristic peaks associated with methyl ether terminal group

59 ppm (j) in accompany with a shift of peaks at 62 ppm (y)
and 64 ppm (g) were observed for mPEG-modified silica.25 The

characteristic epoxy ring bands disappeared, as observed in the

literature.21 Besides, peaks around 70–75 ppm (c, i) represented
the characteristic of carbon atoms in mPEG as well.25 The cur-

rent results suggested a successful grafting of mPEG onto silica

through the help of epoxy silane via a ring-opening reaction.

TGA was employed to estimate roughly the grafting degree of

mPEG onto silica. Figure 3 show the thermal scan of silica

under different modification steps. For control silica, the graft-

ing degree of organic moiety was virtually zero. With GPS mod-

ification, the grafting degree of GPS was calculated to be about

10.6 wt % based on the literature.22 For mPEG750-silica case,

the grafting degree increased further to 19.8 wt %, indicating

that mPEG was successfully grafted onto the silica surface in

agreement with FTIR and NMR analyses. In addition, we

attempted to employ the lower grafting temperature for the

reaction between GPS and silica to check if any GPS could be

grafted on the silica surface. Only 3.1 wt % of GPS was literally

existed on silica surface as shown in Figure 3. The further reac-

tion of GPS-silica and mPEG remained unchanged, so the

grafted mPEG was quite limited as well. Thus, these additional

experimental results reflected that our high temperature grafting

process was quite effective and not a simple coating process,

especially after a thorough wash.

Dispersion Assessment

TEM experiments were carried out to delineate the dispersion

status of the control and organically modified silica in the PLA

matrix. The agglomerated dark particles represent silica particles

and the gray base represents the PLA matrix. Figure 4(a–c)

show TEM morphology of PLA/silica nanocomposites for con-

trol silica at 1, 4, and 10 phr, respectively. Due to a low aggrega-

tion tendency of this novel commercial nanosilica, only a slight

agglomeration of about a few hundred nm in size was observed

in the PLA matrix. Figure 4(d–f) show TEM morphology of

PLA/mPEG750-silica nanocomposites for mPEG750-silica at 1,

4, and 10 phr, respectively, at a magnification of 100 kx. It was

noticed that the dispersion degree of modified silica cases

appeared to be slightly improved, attributing to the certain

grafting degree of mPEG onto silica surface. However, strictly

speaking, the difference was kind of limited. Thus, the later

Figure 1. FTIR spectra of control silica, GPS-silica, and mPEG750-silica.
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discussion on other properties signified the importance of the

surface modification at a similar dispersion degree of silica

within the PLA matrix.

Optical Properties

Figure 5 shows the optical transmittance of the PLA/silica

nanocomposites to get some understanding on the optical

transmittance effect through the incorporated inorganic fillers.

As reported in the literature, three major factors governed the

optical properties of polymer composites, inclusive of matrix

properties, the interfacial refractive index difference between

matrix and domains, and the size of dispersed domains.26 The

optical transmittance for pristine PLA was about 80% depend-

ing on the wavelength of visible light and was generally in a

similar order as PLA/control silica cases at various silica con-

tents in Figure 5(a). This indicated that the dispersion size of

control silica within the PLA matrix was mainly in a nanoscale

without interfering much on the scattering of visible light,

which agreed with previous TEM observations. With the addi-

tion of surface-modified silica, the optical transmittance

remained largely the same at various silica contents over the

scanning wavelength of visible light as above cases within ex-

perimental errors, as seen in Figure 5(b). The results were in

line with the morphology observation, leading to a similar dis-

persion scale for all surface-modified silica and control silica.

Therefore, the further discussion on the properties of prepared

nanocomposites was mainly attributed to the surface modifier

effect in general.

Thermal Behaviors

It is worth checking how the thermal behaviors varied with the

mPEG modification for silica-filled nanocomposites. Although

silica was considered as an effective nucleating agent, the pro-

motion of crystallization kinetics through the addition of silica

moiety was still limited. No crystallization behaviors were

observed for neat PLA and PLA nanocomposites at various

silica contents with or without mPEG modification (omit here

for brevity). The heating thermographs of PLA/silica nanocom-

posites are shown in Figure 6. The glass transition temperature

Figure 3. TGA of modified silica.

Figure 2. 13C CP MAS NMR spectra of modified silica.
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for neat PLA was at 58.5�C, which was about the same as those

of PLA containing various dosages of silica. Not much differ-

ence in the glass transition temperatures was found for PLA/

control silica systems. When the measurements were conducted

at various dosages of mPEG750-silica as shown in Figure 6(b),

the glass transition temperature of PLA/mPEG750-silica nano-

composites at 10 phr of modified silica was shifted to the lower

temperature at 47.6�C, up to about 11�C decrement. Conse-

quently, the mPEG plasticizer efficiently plasticized the PLA ma-

trix due to the enhanced segmental mobility of PLA chains,27

and the plasticizing degree of which was enhanced with higher

plasticizer content.

Figure 7 shows the temperature dependency of tan d for PLA/

silica nanocomposites at various silica contents with or without

mPEG modification. The glass transition peaks reflected in the

tan d values that were quite intensive for prepared systems. The

tan d peak temperature for neat PLA was at 60.1�C. With the

addition of control silica, the tan d peak varied less than 1�C
within experimental error. Nevertheless, for PLA/mPEG750-

silica systems, the tan d peak temperature at 10 phr of mPEG-

modified silica was shifted to lower temperature at 53.8�C. This
trend was in agreement with the DSC measurement to signify

the plasticizing effect of grafted mPEG onto silica, although

DMA gave slightly smaller difference in the glass transition tem-

peratures after modification.

Thermal Stability

TGA was employed to evaluate the thermal stability of PLA/

silica nanocomposites. Figure 8 shows the thermal scans of PLA

nanocomposites at various silica dosages. The incorporated

silica improved the thermal stability of PLA nanocomposites as

heat and oxygen barrier normally found in the inorganic silica-

filled nanocomposite systems. Taking the 5 wt % of weight loss

as an index of thermal stability, as shown in Table I, the degra-

dation temperature increased from 317.5�C for neat PLA to

355.4�C for the PLA/control silica nanocomposite in the 10

phr-loaded system and to 325.4�C for the PLA/mPEG750-silica

nanocomposite in the 10 phr-loaded system, respectively. The

effect of filled silica with or without modification on the ther-

mal stability increased with increasing silica content, but the

incorporated mPEG appeared to discount the thermal stability

of PLA nanocomposites. Further, the other representative degra-

dation temperatures are also shown in Table I for quick com-

parison. A similar conclusion was drawn for the both silica-re-

inforced cases.

Mechanical Properties

As pointed out earlier in the TEM morphology, PLA/control

silica and PLA/mPEG750-silica nanocomposites all displayed a

similar dispersion degree in the TEM images, especially for low

silica dosages. It is interesting to see how the modified silica

affects the mechanical properties of prepared nanocomposites.

Figure 4. TEM micrographs of PLA/silica nanocomposites: (a–c) control silica and (d–f) mPEG750-silica (scale bar: 200 nm).
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The results of tensile properties are illustrated in Figure 9.

Figure 9(a) depicts Young’s modulus of nanocomposites.

Young’s modulus of PLA was about 2133 6 53 MPa, and the

value for the nanocomposite at 10 phr of control silica

increased up to 2547 6 54 MPa mainly due to the reinforcing

effect from nanoparticles. For modified silica, Young’s modulus

decreased at various silica contents, attributing to the plasticiz-

ing effect from the grafted mPEG. This signifies the importance

of surface modifier effect at similar silica dispersion in the

prepared systems.

To further contrast the performance of the modified silica on

the tensile properties of the nanocomposites, Figure 9(b) shows

the tensile strength varied with silica dosages. Again, incorpo-

rated silica enhanced tensile strength for the control silica-filled

nanocomposites. Tensile strength of neat PLA was about 53.9 6

4.1 MPa, and the value for the nanocomposites increased up to

60.7 6 3.0 MPa at 10 phr of control silica due to the reinforc-

ing effect of inorganic nanoparticles, as discussed in the

modulus section. However, tensile strength for nanocomposites

containing modified silica was lower than that of neat PLA, a

similar trend as seen in Young’s modulus. This was attributed

to the plasticizing effect of surface modifier, which implied the

significance of the surface modification. For small deformation

as in the case of Young’s modulus and large deformation as in

tensile strength, the surface modification played an important

Figure 5. Transmittance of PLA/silica nanocomposites: (a) control silica

and (b) mPEG750-silica.
Figure 6. DSC thermographs of PLA/silica nanocomposites: (a) control

silica and (b) mPEG750-silica.

Figure 7. Tan d of PLA/silica nanocomposites varied with temperature.
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role, even though there was a similar dispersion degree of incor-

porated silica.

To further contrast the plasticizing performance of the modified

silica on the tensile properties of the nanocomposites, Figure

9(c) shows the elongation at break of the prepared nanocompo-

sites varied with silica dosages. The elongation at break for con-

trol silica-filled cases was lower than that of modified silica-

filled cases. Although the difference was not significant, it did

signify the surface plasticizing effect of mPEG. This modified

silica method in preparing plasticized silica-filled PLA nano-

composites was one of few studies13,16,19 to balance the

Figure 8. Thermogravimetric curves of PLA/silica nanocomposites.

Table I. Thermal Degradation Temperatures of PLA with Different Silica

Concentrations

Weight loss temperature (�C)
at the loss of

Sample code 5 wt % 50 wt %

PLA 317.5 353.7

PLA/control silica (phr)

1 349.7 378.0

4 349.9 384.2

10 355.4 394.3

PLA/mPEG750-silica (phr)

1 323.3 362.3

4 328.6 365.0

10 325.4 373.3

Note: The denotation of parts per hundred resins and fillers (‘‘phr’’) is
based on the hundred parts of total amount of PLA.

Figure 9. Mechanical properties of (a) Young’s modulus, (b) tensile

strength, and (c) elongation at break.
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reinforcing effect from inorganic silica and plasticizing effect

from the plasticizer, especially under a similar silica dispersion.

In addition, the prevailing surface modification processes in the

literature often led to high dispersion of silica, which made it

hard to independently separate the surface modification effect

and silica dispersion effect. Through the current approach, it is

possible to solely consider the surface modification effect under

the similar silica dispersion in general. Further study is neces-

sary to increase the surface modifier content to exploit this

novel approach.

CONCLUSIONS

The effect of surface modification of silica on the performance

of PLA/silica nanocomposites was investigated. Two-step modi-

fication was carried out. At first, epoxy silane was grafted onto

silica, and then the grafting reaction of mPEG onto epoxy

grafted silica. The grafting percentage of mPEG onto silica was

about 19.8 wt %. Transmission electron microscope revealed a

similar dispersion degree for control silica and modified silica-

filled PLA nanocomposites, especially at low silica dosages,

which was in line with the optical transmittance measurement

as well. Thus, a direct effect of the surface modifier on other

properties could be elucidated under the similar silica disper-

sion after modification. Not much difference in the glass transi-

tion temperatures was found for PLA/control silica systems, yet

the glass transition temperature of PLA/mPEG750-silica nano-

composite at 10 phr of modified silica was shifted to the lower

temperature at 47.6�C. Consequently, the mPEG plasticizer effi-

ciently plasticized the PLA matrix due to the enhanced segmen-

tal mobility of PLA chains, in agreement with the DSC mea-

surement. Young’s modulus of PLA was about 2133 6 53 MPa,

and the value for the nanocomposite increased up to 2547 6 54

MPa at 10 phr of control silica mainly due to the reinforcing

effect from nanoparticles. For modified silica, Young’s modulus

decreased at various silica contents. Tensile strength for nano-

composites containing modified silica was lower than that of

neat PLA, a similar trend as seen in Young’s modulus. This was

attributed to the plasticizing effect of surface modifier, which

implied the significance of the surface modification. The elonga-

tion at break for modified silica-filled cases was higher than

that of control silica-filled cases. Although the difference was

not significant, it did signify the surface plasticizing effect of

mPEG. This study could pave the way for the future develop-

ment of bio-based PLA/silica nanocomposites in the potential

applications, such as foam, film, etc., in light of balancing the

reinforcing and plasticizing effects under similar silica

dispersion.
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