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ABSTRACT: Poor physical properties resulting from low interfacial interactions between hydrophilic biopolymers and hydrophobic

thermoplastic matrices have been one of the biggest obstacles in preparing quality biomass materials. This study concentrates on the

effects of nano-TiO2 on the properties and structure of starch/poly (e-caprolactone) (PCL) composites. The molecular and crystal

structures of the composites were characterized by using Fourier transform infrared spectroscopy, differential scanning calorimeter

(DSC), X-ray diffraction (XRD), and field emission scanning electron microscope. The results indicated that an interpenetrating net-

work structure formed by adding nano-TiO2 into starch/PCL composites. The DSC and XRD analysis indicated that the crystallinity

degree and the crystallization rate of the composites reduced, whereas the crystal form and crystal size were unchanged. The results

also showed that the mechanical properties and water resistance of the composites were improved significantly with the addition of

nano-TiO2, whereas their transparency decreased. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 4129–4136, 2013
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INTRODUCTION

Biomass materials which applied to storage compartments,

cooler lining, labware consumables, office storage articles, car

body panels, food containers, and so on have attracted world-

wide attentions during the past decades. Such attention is not

only because of the environmental concerns, but also of the

necessity of providing a high-performance, multi-functional

product at a low-cost.1–3 In the past decades, various attempts

have been focused on blending plastic materials with cheap and

biodegradable natural biopolymers with desired properties.

Starch, as an abundant renewable polysaccharide with better

biodegradability, is one of the most potential materials for bio-

degradable plastics production.4–7 Except for starch, which is a

natural biodegradable biopolymer, there is another promising

class of synthetic biodegradable materials, such as poly(e-capro-

lactone) (PCL),8 poly(lactic acid) (PLA), poly(hydroxy butyrate)

(PHB), poly(glycolic acid) (PGA),9 polybutylene succinate

(PBS), polybutylene succinate adipate copolymer, and polyethyl-

ene succinate.10 Among them, PCL, as a linear, hydrophobic,

and semicrystalline polyester with a very high flexibility, is par-

ticularly a promising polymer.11 It is relatively stable against

abiotic hydrolysis, but it is easily degraded and utilized as car-

bon source by various microorganisms,12,13 because the polar

ester group among PCL molecular chains could be easily

decomposed by microbiology or enzyme with the final product

of CO2 and H2O. PCL has been reported to be biodegradable in

various environments, e.g., in pure fungal cultures,14 compost,15

active sludge,16 and soil. Moreover, the ultimate tensile strength

and the elongation at the break of PCL films have been reported

to be around 33 MPa and 1100%, respectively.17 Its physical

properties and commercial availability make it very attractive,

not only as a substitute of nonbiodegradable polymers for com-

modity applications, but also for specific applications in medi-

cine and in agricultural areas.18

The main limit of starch/PCL composites is the weak adhesion

between the hydrophilic polysaccharides and the hydrophobic

polyester matrix, which may lead to the poor physical properties

of the composites. Many efforts have been devoted to overcome

this situation involving the grafting of compounds onto the

polymers by using various coupling agents or bonding agents or

the pretreatment of polymers with suitable chemicals.19 Accord-

ing to the previous literature,20 maleic anhydride (MA) was

grafted onto PCL and the MA noticeably improved the mechan-

ical properties of PCL/starch composites. Chen et al.21 used the

PLLA grafted starch copolymer as compatibilizer to improve the

interfacial adhesion between PCL matrix and starch.

VC 2013 Wiley Periodicals, Inc.
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The addition of small quantities of inorganic materials dispersed

at a nanometric level has been proven as one of the most prom-

ising strategies to improve the physical and mechanical proper-

ties of polymers and blends. Vertuccio et al.22 studied the

reinforcement of nanoclay with PCL/starch blends, and they

found that the addition of inorganic materials dispersed at a

nanometric level was an effective method to overcome the weak

adhesion between starch and thermoplastic. Thipmanee et al.23

used zeolite 5A as an inorganic phase to reinforced PCL/starch

blends, and they reported that zeolite 5A could improve the

physical properties of the composites. Anatase nano-TiO2,

which is an inorganic nanoparticle with large specific surface

area and high surface energy, has been widely employed in

research and development of solar cell,24 sewage disposal,25 anti-

bacterial materials,26 and self-cleaning materials27 because of its

high photocatalytic activity. In addition to these structures, sev-

eral -OH groups and dangling bonds can be adsorbed on the

surface of nano-TiO2, which may remarkably affect the physical

properties of natural polymers/thermoplastic composites. How-

ever, relevant studies have seldom been reported.

In this study, starch/PCL composites were prepared from corn

starch, PCL, nano-TiO2, and glycerine. The effect of the nano-

TiO2 contents on the physical properties and the structure of

the composites were investigated.

EXPERIMENTAL

Material

Corn starch was provided by Huanglong Food of Gongzhuling

City (moisture content 11.7%, protein 0.23%, fat 0.075%, ash

content 0.08%). PCL (Mn 5 70,000) pellets were acquired from

Daicel Chemical Industries, Ltd, Japan. Hydrophilic anatase

nano titanium dioxide (nano-TiO2), with a particle size of 60

nm, was provided by the Nanometer Engineering Center of the

People’s Republic of China. Glycerine and absolute ethyl alcohol

were analytical grade and used as received.

Sample Preparation

Starch (6 g) and glycerin (18 g) were added into JB200-D electro-

motion stirrer (Shanghai specimen and model factory, China) and

stirred at high-speed (>1000 rpm) in a constant temperature at

353 K for 20 min to plasticize the starch. PCL (100 g) was added

and stirring for 60 min. Finally, the obtained composite was com-

pression molded at 353 K into 1- and 4-mm thick sheets at a pres-

sure of 25 MPa for 5 min via a hot press R-3202 (Wuhan Qien

science & Technology Development, China), and coded as SPN0.

Different amounts of nano-TiO2 (3.2, 6.4, 9.6, and 12.8 g,

respectively) were added into a beaker with corresponding vol-

umes of absolute ethyl alcohol (150, 300, 450, and 600 mL,

respectively), and dispersed at 600 W for 30 min by a Ultra-

sonic Processor FDL-1200 (Nanjing Fandilang Info Technology,

China) (intermittent dispersion of pulsing on for 1 s and off for

2 s, with a frequency of 20 kHz and an amplitude of 20 lm).

Starch (60 g) and glycerin (18 g) were added and stirred with

motor stirrer at high-speed (>1000 rpm) in a constant temper-

ature water bath at 353 K for 20 min. Afterwards, the mixture

and PCL (100 g) were added into the prepared TiO2 solutions,

respectively. And then the composite solutions were stirred

using a motor stirrer at high-speed (>1000 rpm) at 353 K until

the ethyl alcohol was evaporated completely. Finally, the compo-

sites were compressed into 1- and 4-mm thick sheets as same as

the former. The composites with different nano-TiO2 contents

were coded as SPN1, SPN2, SPN3, and SPN4, respectively.

Characterizations

The surfaces and morphologies of starch/PCL composites were

investigated by a Hitachi (Japan) S-4800 field emission scanning

electron microscope (FESEM). The surfaces were sputter coated

with gold prior to examination. The FT-IR spectra were

recorded at a Nicolet (USA) Nexus 470 FT-IR spectrometer.

Each spectrum consists of 32 scans taken at 4 cm21 resolution

and the wavenumber ranged from 4000 to 400 cm21. The ther-

mal properties of the composite were performed by using a

DSC 200PC (NETZSCH, Germany) under nitrogen atmosphere.

The samples of 5–10 mg were encapsulated into aluminum

pans and were heated from 273 to 378 K at a rate of 10 K/min,

and then the temperature was kept at 378 K for 10 min to erase

previous thermal history.29 Subsequently samples were cooled to

283 K at the rate of 10 K/min to obtain the crystallization curve

and kept at this temperature for 10 min; after that, the samples

were heated to 378 K at the rate of 10 K/min to obtain the

melting curve. X-ray diffraction (XRD) measurements were per-

formed on the sample composites by means of a Rigaku (Japan)

D/max-RB X-ray diffractometer, and a CuKa target was used at

40 kV and 50 mA. The diffraction angle ranged from 60� to 5�.

Mechanical Properties

The bending strength and bending modulus of the composites

were determined by using a Tianyuan NTY8000 electron tensile

tester (Jiangsu Tianyuan Test Equipment, China) according to

the Chinese standard method GB/T 9341-2008 (Plastic-Determi-

nation of flexural properties). The measurements were carried

out at room temperature. Cut the prepared composites (SPN0,

SPN1, SPN2, SPN3, and SPN4) into 100 3 50 3 4 mm sheets,

with the set of span length (the distance between the two

clamps) at 80 mm, a loading rate of 10 mm/min and breaking

load of 200 N. The thickness of the samples was measured for

10 times by using a micrometer (Mitutoyo Corp., Code No.

543-551-1, Model ID-F125, Japan).

Water Absorption and Water Solubility

The 100 3 100 3 4 mm dried sheets were weighed (W0) and

immersed in distilled water at room temperature (298 K) for 24

h. Then moisture on the surface of the composite was removed

with filter paper, and the weight of the composites was meas-

ured (We). Then the composites were dried in vacuum again at

313 K for 24 h, and the dried composites were weighed (Wd).

The water absorption (Wa) in the composite was calculated

using the following equation28:

Wa5
We2W0

W0

3100% (1)

The water solubility (Ws) was calculated using the following

equation:

Ws5
W02Wd

W0

3100% (2)
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Optical Transparency

The transmittance of the composites (0.15 mm thickness) was

measured by using a Shimadzu UV-1700 spectrophotometer

(Shimadzu, Kyoto, Japan) in the wavelength range of 450–800

nm.

Statistical Analysis

Experimental data were analyzed statistically by SPSS 17.0, and

multiple comparisons methods were accomplished with Dun-

can’s Multiple Range Test (P� 0.05).

RESULTS AND DISCUSSION

FTIR Analysis

The FTIR spectra of nano-TiO2 and SPN composites are shown

in Figure 1(a). From the spectrum of nano-TiO2, the absorption

peaks at 656, 532, and 412 cm21 were attributed to the charac-

teristic peaks of nano-TiO2. The peaks at 3435 and 1637 cm21

assigned to the stretching vibration of -OH and bending vibra-

tion of Ti-OH respectively,30 indicating plenty of -OH was on

the surface of the nano-TiO2.

Figure 1(a) also shows the spectra of the SPN composites exhib-

iting a broad and strong absorption around 3420 cm21 assigned

to the characteristic absorption of the stretching vibration of -

OH and the hydrogen bonds formed among the -OH groups.

The peak for the O-H stretching of the SPN composites is

shown in Figure 1(b). The formation of hydrogen bonds

reduced the force constant of the participants, thereby resulting

in a red shift. Obviously, the absorption band of the -OH

shifted to a lower wavenumber with increasing the contents of

nano-TiO2, indicating an increase of hydrogen bonds, because

the free -OH on the surface of nano-TiO2 combined with that

of starch and formed intermolecular hydrogen bonds. When the

content of nano-TiO2 reached 8 wt %, the absorption band of -

OH shifted to a higher wavenumber, indicating a decrease of

the hydrogen bonds. Here, the quantity of free -OH on the sur-

face of starch continually decreased with the increasing amount

of nano-TiO2, leading to the saturation of the reaction between

the free -OH of nano-TiO2 and that of starch. Coupled with

increasing the density of nano-TiO2, the agglomeration of

nano-TiO2 occurred and caused the blue shift.

The formation of hydrogen bonds between nano-TiO2 and

starch/PCL molecules greatly enhanced the cross-linking of the

SPN composites. Aside from -OH, large amount of unsaturated

dangling bonds were on the surface of nano-TiO2, because of

its small size and high surface energy,31–34 as seen in Figure 2.

TiO2 is a kind of semiconductor material, a Ti atom was con-

nected to other Ti atoms via bridging oxygen atoms and the

total chemical composition was denoted TiO2. This structure

left unpaired electrons (dangling bonds) on surface Ti or O

atoms, and the quantity of dangling bonds was proportional to

the surface atomic number and inversely proportional to the

molecular size of nano-TiO2. These dangling bonds could form

covalent interactions with starch/PCL composites, such as C-O-

Ti. Figure 3 shows the FTIR spectra of the composites from

1200 to 850 cm21. Compared with that of SPN0, the compo-

sites contained nano-TiO2 exhibited an obvious peak at 995

cm21, attributed to the formation of the C-O-Ti groups. It con-

firmed that the covalent interactions formed between nano-

TiO2 and starch or between nano-TiO2 and PCL.

Morphology of the Composites

The morphology of starch/PCL composites was characterized by

FESEM (Figure 4). The surface of SPN0 presented a heterogene-

ous lamellar structure, whereas a clear microporous structure

appeared on the surface of the films (SPN1, SPN2, SPN3,

SPN4), indicated that a network structure was formed between

Figure 1. FTIR spectra of nano-TiO2 and SPN composites: (a) FTIR spectrum of nano-TiO2 and SPN composites; (b) the O-H stretching of SPN com-

posites; SPN0, SPN1, SPN2, SPN3, SPN4 correspond to increasing nano-TiO2 contents from 0 to 8 wt %.[Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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nano-TiO2 and starch/PCL. The interactions between nano-

TiO2 and polymer matrix were also performed to fabricate and

maintain the 3D-networks among native starch.35 Besides, the

quantity of micropores was proportional to the content of

nano-TiO2, indicated that the network structure was improved

continually. However, the quantity of micropores exhibited a

decreasing tendency when the content of TiO2 reached 8 wt %,

which verified the agglomeration of the excessive nano-TiO2.

DSC Analysis

Figure 5 represents the DSC melting curves and crystallinity

degree (Xc) of the SPN composites. The crystallinity degree of

the PCL component in the composites was determined by the

melting peak area using the following equation:

XC5
DHm

uDH0
m

3100% (3)

where DHm is the enthalpy of fusion of the sample, DH0
m is the

heat of fusion for 100% crystalline PCL (139.5 J/g)36, and u is

the weight fraction of PCL in the composites.

As shown in the inset (Figure 5), the crystallinity degree was

reduced from 73.15% to 59.45% when content of nano-TiO2

increased from 0 to 6 wt %. It demonstrated that the crystallin-

ity degree decreased with larger amount of crosslinking. Because

of its small size, nano-TiO2 was easily dispersed into the macro-

molecular chains and formed hydrogen and covalent bonds

with starch or PCL. The hydrogen and covalent bonds disturbed

the parallel direction of the starch/PCL chains and further

restricted the molecular motion and rearrangement. Besides, the

addition of nano-TiO2 could strengthen the rigidity of starch/

PCL chains, which also hindered the crystallization of the com-

posites. Based on the above reasons, the crystallinity degree of

the composites decreased.

The DSC cooling thermograms and the crystallinity versus time

for crystallization of SPN composites during the cooling crystal-

lization process are plotted in Figure 6. The crystallization time

of the composites was determined using the following equation:

t5
T02T

h
(4)

where T0 is the initial crystallization temperature, T is crystalli-

zation temperature, and h is cooling rate.

Figure 2. Molecular structure and dangling bonds of nano-TiO2. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. FTIR spectra of SPN composites. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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In Figure 6(b), the crystallization rate and crystallinity degree

decreased substantially, and the initial crystallization time was

delayed with the increase in nano-TiO2 content, which was cor-

responding to the result that the addition of nano-TiO2 hin-

dered the crystallization of the starch/PCL composites.

XRD Analysis

In Figure 7, the baseline was eliminated and a peak fitting pro-

gram was used to investigate the crystallinity degree and crystal-

line form of the samples.37 There were two main diffraction

peaks at 2h 5 21.87� and 24.21�, assigned to the reflections of

(110) and (200) planes, respectively. Obviously, by adding

nano-TiO2, the intensities of both the two diffraction peaks

were weakened substantially, indicating the destruction of crys-

talline structure.

The crystallinity degree of the composites was calculated

through the crystalline and noncrystalline areas using the fol-

lowing equation:

Xc5
Fc

Fc1Fa

3100% (5)

where Fc is the crystalline area and Fa is the noncrystalline area.

The results were shown in the inset (Figure 7), where the crys-

tallinity degree of the composites decreased with an increase in

nano-TiO2. The crystallinity degree of SPN0 was 59.96%,

whereas SPN4 possessed the lowest crystallinity degree at

45.89%. The result implied that the variation trend of crystallin-

ity degree corresponded to the results of DSC, whereas the val-

ues derived by XRD were smaller to those derived by DSC. The

difference between the values is caused by the entirely different

measuring principle of the two methods and the indefinite

boundary between the crystalline and noncrystalline regions.

Even so, the same variation trend of the crystallinity values

allows the application of the two methods in crystallinity

analysis.

To further analyze the effects of nano-TiO2 on crystalline behav-

ior of the composites, the crystal size of composites were calcu-

lated based on Scherrer equation as follows:

D5Kk=B cos h (6)

Figure 4. FESEM micrographs of the surfaces of SPN composites.

Figure 5. DSC melting curves and the crystallinity degree of SPN compo-

sites. The differences of crystallinity degree of SPN composites are signifi-

cant (P� 0.05). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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where D represents the average thickness of crystalline grain,

which is vertical to the direction of the crystal face; K is Scher-

rer constant (taken to be 0.89); k is the wavelength of X-ray

(for Cu target, taken to be 1.54 Å); B is the half-height width of

diffraction peak; h is Bragg angle in degrees.

The results of the crystal size of composites were listed in Table

I. It can be observed that the Bragg angle and crystal size of

composites almost remained the same with the increasing of

nano-TiO2 content, which indicated that the crystal form and

crystal size of PCL were unchanged. However, the formation of

a interpenetrating network structure by combining nano-TiO2

with starch/PCL prohibited the crystal grain from growing into

a perfect lamellar structure during the cooling crystallization

process.38,39 As a result, the crystallinity degree of composites

decreased with the increasing of nano-TiO2 content.

Mechanical Properties

The influence of nano-TiO2 content on the bending strength

and bending modulus of the blend composites was studied and

the results were shown in Figure 8. When the nano-TiO2 con-

tent in the composites increased from 0% to 6%, the bending

strength and bending modulus of the composites increased by

60.8% and 64.1%, respectively. Interestingly, the crystallinity

degree of the composites decreased. The crystallinity degree of

the polymers had an important impact on their mechanical

properties. In general, PCL was in a rubbery state at room tem-

perature, and its bending strength and bending modulus

decreased as the crystallinity degree decreases. But in this case,

the intermolecular interfacial adhesion and the molecular chains

rigidity of starch/PCL were enhanced with the existence of

hydrogen and covalent bonds between nano-TiO2 and starch/

PCL, which greatly improved the bending strength and bending

modulus of the composites and masked the influence of the

crystallinity degree.

Meanwhile, the bending strength and bending modulus

decreased slightly when the nano-TiO2 content increased to 8%,

which might be attributed to the destructive effects of excessive

rigid nanoparticles on polymer structure.

Water Absorption and Water Solubility Investigation

In Figure 9, the water absorption of the composites slightly

decreased with the addition of 2 wt % nano-TiO2. Owing to

the formation of hydrogen and covalent bonds between TiO2

and starch/PCL, the free volume25 of the composites decreased.

The diffusion of water molecules in the composites was hin-

dered, hence, the water absorption of the composite exhibited

Figure 6. (a) DSC cooling thermograms and (b) plots of Xc versus time for the crystallization of SPN composites. [Color figure can be viewed in the

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

Figure 7. X-ray diffraction patters and the crystallinity degree of the com-

posites with different contents of nano-TiO2. The differences of crystallin-

ity degree of SPN composites are significant (P� 0.05). [Color figure can

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

com.]
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the decreasing tendency. However, the water absorption of the

SPN composites became higher when they contained more

nano-TiO2, because the abundant free hydroxyl groups and the

high surface energy of nano-TiO2 might be beneficial for

adsorbing water. In addition, the microporous structure of the

composites could enhance the water absorption ability. In Fig-

ure 9, the water solubility of the composites decreased with the

increasing of nano-TiO2. The water solubility of the SPN0 com-

posite was 6.95%, whereas that of SPN3 was 4.16%. This was

because the formation of a network structure between nano-

TiO2 and starch/PCL could enhance the interaction among the

molecular chains, and further inhibited the scission of these

chains in water solutions. Furthermore, the network structure

restricted the motion of the low molecular weight polymer,

monomer, and TiO2, and reduced the mass loss of composites

in water, so the water resistance of the composites improved.

The water solubility of the composite slightly increased when

nano-TiO2 content reached 8 wt %, but it was still much lower

than that of the SPN0 composites. The reason for the increase

of the water solubility was also because of the agglomeration of

nano-TiO2 and the saturation of the reaction between excessive

nano-TiO2 and starch/PCL.

Optical Transmittance of the Composites

In Figure 10, the overall transmittance of the sheets was low

because the composite films were slightly thick. In terms of the

variation tendency, the transmittance sharply declined when the

content of the nano-TiO2 rose. In general, the transparency of

the composites increased with the increasing of crystallinity. But

Table I. X-ray Diffraction Data of the Samples

2h (deg) B (rad) D (nm)

Samples (110) (200) (110) (200) (110) (200)

SPN0 21.870 24.128 1.167 3 1022 1.460 3 1022 11.959 9.603

SPN1 21.878 24.188 1.160 3 1022 1.458 3 1022 12.031 9.612

SPN2 21.913 24.181 1.162 3 1022 1.460 3 1022 12.018 9.602

SPN3 21.822 24.058 1.166 3 1022 1.458 3 1022 11.968 9.614

SPN4 21.885 24.213 1.166 3 1022 1.457 3 1022 11.973 9.620

Figure 8. The bending strength and bending module of SPN composites.

The differences of bending strength and bending module of SPN compo-

sites are significant (P� 0.05). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. The dependence of the water absorption and water solubility on

the nano-TiO2 content of the SPN composites. The differences of water

absorption and water solubility of two neighboring SPN composites are

significant (P� 0.05). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 10. Transmittance of the SPN composites over a wavelength range

of 450–800 nm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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in this case, because the diffuse reflection of light mainly

occurred on the interface of the materials, the large specific

surface-area and high refractive index of nano-TiO2 greatly

facilitated the diffuse reflection of light, consequently the trans-

parency of the starch/PCL/nano-TiO2 composites reduced.

CONCLUSIONS

In this study, the effects of nano-TiO2 on the structure and

properties of starch/PCL blend composites was investigated. The

results demonstrated that the formation of hydrogen bonds and

C-O-Ti bonds between nano-TiO2 and polymer matrix gener-

ated an interpenetrating network structure, which greatly

affected the characteristic of the starch/PCL composites. The

crystallinity degree and crystallization rate of the composites

decreased with the increasing of nano-TiO2 content, whereas

the crystal form and crystal size had no variation. The mechani-

cal properties and water resistance of the composites improved

significantly with the addition of nano-TiO2. SPN3 exhibited

the best bending strength and bending modulus, with the lowest

water solubility. But for the high hydrophily of nano-TiO2 and

the improvement of the micropores structure of the composites,

SPN1 had the lowest water absorption.
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