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ABSTRACT

To obtain better interfacial bonding between bamboo fibers (BFs) and matrix

polypropylene (PP), PP/BFs composites were prepared by means of modifying

BFs with TiO2 nanoparticles. The static mechanical and dynamic mechanical

properties, thermal properties, morphology and water resistance of the fabri-

cated composites were characterized. The results showed the static and dynamic

mechanical properties, thermal stability and water resistance of the composite

were all improved at different extents by the introduction of TiO2 nanoparticles,

especially with the addition of 0.4 wt% TiO2 nanoparticles (PP/BF/T3). The

performances enhancement of TiO2 nanoparticles modified composites was

mainly attributed to the interfacial bonding improvement, demonstrated by the

Cole–Cole curves of dynamic mechanical analysis and the morphological

analysis of fracture surface, as well as the increased crystallinity revealed with

differential scanning calorimetry measurements.
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GRAPHICAL ABSTRACT

Introduction

Bamboo is a kind of renewable biomass raw material

with abundant resources and great practical value. It

has been widely used in construction and other fields

due to its combined advantages of rapid growth rate,

high strength and good toughness, etc. [1, 2].

Research and utilization of bamboo products have

attracted a lot of attention in both academic and

commercial circles in recent years [3–7]. However,

with the vigorous development of bamboo process-

ing industry, a large number of bamboo processing

residues and wastes have been generated, which

would result in serious environmental pollution and

cost increase, if they were not rationally utilized.

Therefore, it is vital to develop efficient approaches to

make full use of these bamboo processing residues

and wastes.

Bamboo-plastic composites (BPCs), which are

manufactured by blending bamboo powders of dif-

ferent size with various polymer matrix along with

applying appropriate processing technique (such as

extrusion, injection molding and hot compressing),

are considered to be one of the most effective

approaches for bamboo processing residues and

wastes [8–10]. Bamboo fibers (BFs) have been con-

firmed to be an excellent substitute for synthetic fiber

(i.e., carbon fibers, glass fibers and organic fibers) in

composite materials, due to their outstanding

strength and stiffness, light weight, large aspect ratio,

easy availability, natural biodegradability and envi-

ronmental friendliness [11–14]. Therefore, a large

number of BPCs have been extensively used in a

variety of fields such as interior decoration, outdoor

construction and automobile components, which

improve the economic value of bamboo products as

well as reduce the use of petroleum-based plastics

[15–17].

Unfortunately, BFs contain a large number of

highly hydrophilic hydroxyl groups, resulting in

poor interface compatibility with nonpolar polymer

matrix and poor dispersion uniformity in prepared

BPCs. Many methods or processes have been pro-

posed to improve the interfacial compatibility

between BFs and polymer resin [18–21], typically by

modification of BFs with chemical technologies such

as alkalization [22, 23], coupling and grafting [24, 25],

or physical ones such as hot water treatment [26],

microwave irradiation [27], steam blasting and inor-

ganic nanoparticle deposition [28, 29]. Among these

methods, modification of BFs with inorganic

nanoparticles suspension solution (such as calcium

carbonate, silicon dioxide, talc) represents a very

promising direction, owing to its surface effect,

quantum scale effect, photocatalysis, mild treatment
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conditions, and high feasibility, etc. [20, 30]. It has

been reported that the PP/BFs composites with the

application of various nanoparticles have the

enhanced properties of thermal resistance [17], flame

retardant [15], aging resistance and mould proof

features [16] and so on. At the same time, the addi-

tion of nanoparticles into PP/BFs composites can

improve the dispersion and uniformity of bamboo

fibers in the matrix resin, resulting in enhanced

excellent mechanical properties and dimensional

stability. However, the properties of BPCs are largely

dependent on the specific inorganic nanoparticle and

application technique. Nano-TiO2 represents one of

the most commercially important inorganic

nanoparticles but seldom applied to BPCs. Further-

more, although many research works have paid

much attention on the characterization of surface

performance of modified BFs based on their chemical

composition, surface morphology and pull-out shear

stress [31, 32], the quantitative characterization of the

interface adhesion properties between BFs and

polymer matrix in the BPCs has been to a large extent

ignored.

In this paper, commercial nano-TiO2 particles were

dispersed by a self-made silane solution and applied

to the surface of bamboo fibers by in situ solid phase

grafting (by forming -O–H…bonds) through the so-

called spraying technique. The modified bamboo

fiber-reinforced polypropylene composites were then

prepared with the injection molding process. The

main objective of this paper was to study the inter-

facial compatibility between nano-TiO2 modified

bamboo fibers and polypropylene matrix. To address

that, dynamic mechanical analysis (DMA) was car-

ried out to quantitatively characterize the interface

bonding between fibers and matrix in the BPCs. In

addition, the fracture surface morphology, water

absorption and thickness swelling of the samples

were also explored as complementary evaluation of

the effect of TiO2 nanoparticles on the interface

adhesion properties between BFs and matrix

polymer.

Experimental section

Materials

The pure isotactic polypropylene pellets (T30S-iPP)

with the density of 0.905 g/cm3, a melt flow index of

3.5 g/(10 min), applied a matrix resin were pur-

chased from Kunlun Petrochemical Co., Ltd. (Ho-

hhot, China). They were dried in the oven at 80 �C for

4 h before use. Industrial bamboo fibers (BFs) [Phyl-

lostachys edulis (Carr.) H. De Lehaie] (3–4 years old)

with 100-mesh size were supplied by Sanmu Wood

Technology (Hubei, China). BFs were washed with

tap water to remove impurities and dried in an oven

at 103 ± 2 �C until moisture content was less than 3

wt%. Rutile TiO2 nanoparticles (40 nm in diameter)

were purchased from Boyu Hi-tech New Materials

Technology Co., Ltd. (Beijing, China) and were dried

in vacuum at 103 ± 2 �C for 48 h before use. Ethyl

alcohol (C 99.9%) and 3-methacryloxy propy-

ltrimethoxysilane (KH-570) (C 98%) were purchased

from Sinopharm Chemical Reagent Co., Ltd. (Beijing,

China) and used as received.

Surface treatment of bamboo fibers

The surface of bamboo fibers was treated with nano-

TiO2 dispersion self-made in the laboratory. The

process for the treatment of BFs was as follows: First,

KH-570 reagent (2 g) was directly added into 100 mL

ethanol solution, where the volume ratio of ethyl

alcohol to purified water was 6:4. The mixed solution

was then fully reacted with ultrasonic vibrations for

10 min to form a homogeneous silane solution. Sec-

ond, the dried TiO2 nanoparticles (0.1 g, 0.2 g, 0.4 g

and 0.8 g) were dispersed in 50 mL ethyl alcohol

through rapid agitation to make nano-TiO2 suspen-

sion. Subsequently, the obtained suspension was

added into the prefabricated silane solution drop by

drop and stirred. The mixture was then completely

dispersed by ultrasonic for 10 min to prepare nano-

TiO2 dispersion. In order to prevent the ultrasonic

instrument (JY 99-II DN) from overheating, all

experiments adopted the working mode of running

for 3 s and stopping for 3 s with a power of 480 W.

Finally, the nano-TiO2 dispersion was evenly sprayed

onto the surface of bamboo fibers with a watering

can, which was then placed at room temperature for

7 days. After the ethanol solution was thoroughly

evaporated, the treated BFs were dried in an oven at

103 ± 2 �C for 48 h and then stored in a zipper-

sealed plastic bag for usage.
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Preparation of the PP/BFs composites

The PP/BFs composites were fabricated via a process

of melt-extruding and injection molding. Extrusion of

the bamboo fiber and PP mixture was carried out

using a co-rotating twin-screw extruder (HAAKE

PolySoft Monitor, Made in Germany) with a constant

screw rotation speed of 20 rpm. The barrel tempera-

tures in three sections from hopper to die were 180,

185 and 175 �C, respectively. The extruded rods with

a diameter of 3 mm were quenched in a water bath

and then cut into pellets. The obtained pellets were

dried in an oven at 80 �C for 12 h before injection

molding. Mechanical testing samples based on ASTM

Standard were prepared using injection molding

(M1300D, Qi-en Science and Technology, Wuhan,

China) at a temperature of 175 �C, an injection pres-

sure of 6–7 MPa for 18 s and then cooled for 6 s. The

formulations and codes of all samples are summa-

rized in Table 1, and the schematic preparation of the

nano-TiO2 dispersion treatment BFs and the fabrica-

tion of PP/BFs composites are shown in Fig. 1.

Characterization of the bamboo fibers
and PP/BFs composites

Element analysis of bamboo fibers

Element analysis on untreated and treated bamboo

fibers was detected with X-ray photoelectron spec-

troscopy (XPS, ESCALAB 250Xi, Thermo Scientific)

using monochromatized Al Ka X-ray source at a

constant analyzer.

Physical and mechanical properties of the PP/BFs

composites

The density of the PP/BFs composite boards was

tested according to a Chinese national standard GB/

T 17,657–2013[33] with three replications. Tensile

strength, flexural strength and unnotched impact

strength of the composites were measured according

to ASTM D-638, ASTM D790 and ASTM D6110,

respectively. Five different specimens were tested for

every mechanical indicator at ambient conditions.

Thermal properties of the PP/BFs composites

Differential scanning calorimetry (DSC) (Q100, TA

Instruments, USA) was used to determine the ther-

mal performances of the prepared composite samples

in regard to crystallization and melting temperature.

The specimens (5–8 mg) were encapsulated in her-

metically sealed aluminum pans and heated from

30 �C to 200 �C (to remove any thermal history

causing by extrusion and injection processing) and

then kept isothermal for 5 min. Subsequently, they

were cooled to 30 �C and then reheated to 200 �C.
During these processes, the ramp rates for all of the

cooling and heating cycles were 10 �C/min and the

flowing of dry nitrogen gas was 50 mL/min [34].

Thermogravimetric analysis (TGA) (Q500, TA

Instruments, USA) was applied to determine the

thermal stability of samples. The specimens (5–8 mg)

were placed in a platinum pan and heated from 30 �C
to 700 �C at the ramp rate of 10 �C /min under dry

nitrogen gas (flow rate 60 mL/min).

Dynamic mechanical analysis (DMA)

The dynamic mechanical behaviors of the samples

were evaluated by means of dynamic mechanical

analyzer (DMAQ800, TA Instruments, USA) under a

double-cantilever bending mode according to ASTM

D4065 standard. Storage modulus (E0), loss modulus

(E00) and mechanical damping factor (tan d) of the

composite samples were described against

temperatures.

Fracture surface morphology analysis

The fracture surface of the PP/BFs composites from

the three-point bending tests was sputter-coated with

gold under high vacuum (over 10–5 mbar) and then

observed using a field emission scanning electron

microscopy (FE-SEM, XL-30E, Philips B.V., Eind-

hoven, The Netherlands) operating at an accelerating

voltage of 7 kV.

Table 1 The formulations of all premixed materials

Sample code PP (wt%) BFs (wt%) Nano-TiO2 (wt%)

PP/BF 65 35 0

PP/BF/T1 65 34.9 0.1

PP/BF/T2 65 34.8 0.2

PP/BF/T3 65 34.6 0.4

PP/BF/T4 65 34.2 0.8
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Determination of water absorption and thickness swelling

Determination of water absorption (WA%) and

thickness swelling (TS%) for PP/BFs composites was

performed according to ASTM D570 [35].

Statistical analysis

The data for each mechanical property of the PP/BFs

composites were statistically studied using the

SPSS19.0 statistical. The one-way analysis of variance

(ANOVA) was conducted to identify that there was a

significant difference between the mean values

according to least significant difference criteria with a

95% confidence level (p\ 0.05).

Results and discussion

Evaluation on surface compositions
of treated bamboo fibers

XPS spectrum was recorded to analyze the changes in

chemical compositions on the BFs surface during

modifications (Fig. 2). From the XPS spectra in

Fig. 2a1, the surface elements of untreated BFs spec-

imens mainly consist of carbon (C) and oxygen (O),

whereas the surface of 0.4 wt% TiO2 nanoparticles

treated BFs mainly consist of carbon (C), oxygen

(O) and titanium (Ti) (Fig. 2b1). In Fig. 2a1 and a2,

untreated BFs displayed O1s signal at 532.78 eV and

C1s signal at 286.13 eV, which were assigned to the

C–O bonds and C–C bonds, respectively. After trea-

ted BFs with TiO2 nanoparticles, in addition to the

above two signals, an obvious Ti2p signal at

458.51 eV was observed in the treated BFs, which was

clearly attributed to the titanium atoms in nanotita-

nium dioxide (Fig. 2b1). Deconvolution of the O1s

peak in the XPS profile of treated BFs demonstrated

two signals at 532.58 eV and 529.88 eV, correspond-

ing to C–O bonds in cellulose and Ti–O structure in

TiO2 nanoparticles (Fig. 2b2). In Fig. 2b3, the Ti2p

peaks of treated BFs located in 464.12 eV and

458.48 eV were originated from the Ti–O structure.

Furthermore, the relative atomic content proportion

of C/Ti/O changed from 67.38/0.32/32.3 to 61.78/

2.18/36.03 after 0.4 wt% TiO2 nanoparticle modifica-

tion. The C/O atomic ratio was calculated to be 1.7

for treated BFs, which was lower than the value 2.1

for the untreated BFs. All the above results definitely

confirmed the successful loading of TiO2 nanoparti-

cles onto the surface of BFs.

Figure 1 Schematic showing the preparation of a nano-TiO2 dispersion treatment BFs, b PP/BFs composites.
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Physical and mechanical properties of PP/
BFs composites

The density values of PP/BFs composites at variable

weight percentage of TiO2 nanoparticles (0–0.8 wt%)

are represented in Table 2 and Fig. 3. A slight but

stable rising was observed in the values of density

with increase in TiO2 nanoparticles content from 0 to

0.8 wt%. This should be attributed to the addition of

small amount (\1.0 wt%) of TiO2 nanoparticles with
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higher density. The tensile properties of PP/BFs

composites as a function of increasing TiO2

nanoparticles loading are shown in Fig. 3b. There

was some increase in the tensile strength of the PP/

BFs composites with the incorporation of TiO2

nanoparticles. The PP/BF/T3 composite performed

the highest tensile strength of 33.045 MPa, increased

by 5.74% compared to the PP/BF composite (Table 2).

Furthermore, a slight increase in flexural strength

was observed with the increase in TiO2 nanoparticles

(Fig. 3b). The flexural strength in case of PP/BF

composite was 53.209 MPa, which increased to

54.472 MPa at 0.8 wt% TiO2 nanoparticles content

(Table 2). There were mainly two reasons for this

phenomenon. On the one hand, the surface rough-

ness of rigid BFs could be improved by the addition

of TiO2 nanoparticles, which is beneficial for

increasing the contact area between the BFs and

matrix resin. On the other hand, the TiO2 nanopar-

ticles played a positive role in improving matrix–fiber

interaction, leading to form a strong mechanical

interlocking and a reinforced polymer matrix, which

was consistent with the results reported in the liter-

ature [35].

The unnotched impact strength values of PP/BFs

composites with variation in TiO2 nanoparticles

loading from 0 to 0.8 wt% are listed in Table 2, and

corresponding data are plotted in Fig. 3a. The impact

strength of PP/BFs/T1 composites at 0.1 wt% TiO2

nanoparticles loading achieved a peak value

8.532 kJ/m2 (11.28% higher than that of PP/BF

composite), but decreased with the further increase in

the TiO2 nanoparticles loading. The improvement of

impact resistance of PP/BFs/T1 composites could be

due to the enhancement of the interfacial adhesion

between BFs and matrix resin, which was in accor-

dance with the above result. However, excessive TiO2

nanoparticles loading also implies higher probability

of stress concentration in the composites, resulting in

lower impact strength of the samples. Similar results

were reported by the literature [36].

Thermal properties

Differential scanning calorimetry (DSC)

The DSC thermograms recorded during crystalliza-

tion and melting of the PP/BFs composites are shown

Table 2 Physical and mechanical properties of PP/BFs composites

Sample name Density (g/cm3) Tensile strength (MPa) Flexural strength (MPa) Impact strength (KJ/m2)

PP/BF 1.0125c (± 0.003) 31.252c (± 0.332) 53.209a (± 0.450) 7.667a (± 0.169)

PP/BF/T1 1.0145b (± 0.009) 32.016b (± 0.260) 53.222a (± 0.955) 8.532a (± 0.157)

PP/BF/T2 1.0154b (± 0.003) 32.207b (± 0.340) 53.670a (± 0.211) 8.105a (± 0.567)

PP/BF/T3 1.0180a (± 0.009) 33.045a (± 0.478) 53.923a (± 0.540) 8.010a (± 0.156)

PP/BF/T4 1.0196a (± 0.009) 32.555ab (± 0.129) 54.472a (± 1.168) 7.946a (± 0.740)

Note The numerical value in the parenthesis represents standard deviation. Different letters indicate significantly different groups

(p\ 0.05)
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Figure 3 Physical and mechanical properties for PP/BFs

composites with different contents of TiO2 nanoparticles:

a samples’ density and impact strength, and b tensile strength

and flexural strength.
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in Fig. 4a, b, and the key parameters obtained from

these DSC curves are summarized in Table 3.

Parameters Tc and DHc of the pure PP and PP/BFs

composites were taken as the crystallization peak

temperature and the corresponding crystallization

exotherm from the cooling cycle (Fig. 4a), whereas

Tm and DHm were taken as the melting peak tem-

perature and the melting endotherm from the second

heating process (Fig. 4b), respectively. The relative of

crystallinity was calculated using Eq. (1) in ESM. It

was found that the addition of BFs and TiO2

nanoparticles in PP matrix resulted in a significant

increase in the Tc of PP matrix about 9 �C, and a

slight increase in the Tm of PP matrix, which was

possibly due to the heterogeneous nucleation effect of

BFs, as well as the interface enhancement between

the BFs and matrix with the incorporation of TiO2

nanoparticles. However, the Xc values depicted in

Table 3 revealed that the degree of crystallinity

decreased significantly, such as the Xc value of pure

PP was 40.40%, whereas it decreased to 23.03% for

the PP/BF composite. This reduction was related to

the transcrystalline region in which the lateral growth

of spherulites was restricted in due to the presence of

BFs. Nevertheless, in regard to different content of

TiO2 nanoparticles treated BFs, the Xc values of PP/

BFs composites increased slightly to 25.87% for the

PP/BF/T3 composite. This behavior might be due to

the enhanced interfacial interaction between the BFs

and PP matrix that promoted the crystallization

phase of matrix polymer, which is similar to the

results obtained by Satapathy et al. [35] in case of

banana fiber/recycled high-density polyethylene

biocomposites.

Thermogravimetric analysis (TGA)

The thermal stability of the PP/BFs composites in a

nitrogen atmosphere was performed by TGA with

the results shown in Fig. 5a, b, and the parameters

obtained are listed in Table 4. The onset thermal

decomposition temperature (Tonset) was taken as the

temperature at 5% weight loss, and the maximum

thermal decomposition rate temperature (Tmax) cor-

responded to the peak temperature of DTG curves.

We found from Fig. 5a, b and Table 4 that the Tonset of

PP/BFs composites was reduced compared with that

of pure PP matrix caused by the lower onset thermal

decomposition temperature of hemicellulose in BFs.

However, the final decomposition temperatures (Tf)

of the PP/BFs composites increased by 11.4–17.6 �C,
and the peak values of decomposition rate decreased

significantly against pure PP, which confirmed that

the thermal stability of PP/BFs composites was

increased. In addition, Fig. 5b presents two thermal

decomposition stages: one was the weight loss at

about 355 �C corresponded to the degradation of BFs,

whereas the second stage at about 450 �C indicates

the degradation of PP matrix. However, the thermal

decomposition temperature in both the stages for the

PP/BFs composites was comparatively lower (about

6–8 �C) than that of the PP/BF composite. This
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Figure 4 DSC curves of the

PP/BFs composites: a cooling

process, b the second heating

process.

Table 3 Parameters of melting and crystallization properties for

PP/BFs composites

Sample Tc (�C) Tm (�C) DHc (J/g) DHm (J/g) Xc (%)

Pure-PP 113.97 162.67 86.53 54.89 40.40

PP/BF 122.78 163.40 53.45 31.29 23.03

PP/BF/T1 123.12 163.58 52.11 31.5 23.19

PP/BF/T2 122.94 163.45 59.94 33.71 24.81

PP/BF/T3 122.51 163.74 56.74 35.14 25.87

PP/BF/T4 122.53 163.35 54.31 31.67 23.31
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behavior was probably attributed to higher thermal

conductivity of TiO2 nanoparticles resulting in lower

thermal decomposition temperature. Furthermore,

with the TiO2 nanoparticles mass ratio increased

from 0.1% to 0.8%, the thermal decomposition tem-

perature in both the stages of the samples had no

obvious change, which indicated that there was no

substantial difference in the interaction between the

components of the PP/BFs composites. The residual

weight (Wr) at 600 �C increased gradually with the

existence of TiO2 nanoparticles in PP/BFs compos-

ites, which indicated that the thermal degradation of

BFCs became more difficult due to the interface

enhancement between the BFs and matrix, as well as

the nondecomposition characteristic of TiO2

nanoparticles, which is in line with the literature

[37–40].

Dynamic mechanical analysis (DMA)

DMA is often used to study relaxations in polymeric

composites [41]. We can get a clear result about the

matrix/fiber–filler interactions by investigating the

dynamic mechanical properties of the PP/BFs com-

posites. Figure 6a–c shows the dynamic mechanical

analysis curves of the PP/BFs composites with

increase in temperature.

Storage modulus (E0)

The variation of storage modulus (E0) as a function of

temperature for different samples is presented in

Fig. 6a. The E0 values of composites exhibited the

same tendency as the matrix PP resin. It was evident

that the PP/BFs composites presented a higher stor-

age modulus in comparison with pure PP over the

entire temperature range of the study (-20 to 120 �C).
For the pure PP, the highest E0 value was 2751 MPa,

whereas for the PP/BF composite the value was

increased to 4020 MPa. This behavior was primarily

attributed to the addition of high surface rigid BFs

into semi-rigid PP matrix effectively enhancing the

stiffness of samples. However, in case of the treated

PP/BFs composites a slight reduced E0 value was

observed. In all the systems, we also observed the E0

values of the composites dropped with increasing

temperature due to softening of PP matrix and

increasing of molecular mobility [42]. Similar trend

for polypropylene sisal biocomposites was reported

by Bassyouni et al. [43]. For PP/BFs composites, the

E0 value gradually increased from 3898 to 3998 MPa

with increased content of TiO2 nanoparticles from

0.1% to 0.8%. The highest E0 value of PP/BFs com-

posites compared to other samples was primarily

attributed to effect caused by the presence of more

stiff TiO2 nanoparticles, which was similar to the
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Figure 5 The thermal

decomposition behaviors of

the PP/BFs composites: a TG

curves, b DTG curves.

Table 4 Parameters of the

thermogravimetric analysis for

PP/BFs composites

Sample Tonset (�C) T50% (�C) Tmax-BF (�C) Tmax-c (�C) Tf (�C) Wr (%)

Pure-PP 403.15 445.20 – 450.37 463.12 0.35

PP/BF 296.77 446.59 360.25 457.78 480.79 6.01

PP/BF/T1 295.03 441.55 351.82 451.61 474.53 6.19

PP/BF/T2 300.40 443.95 353.64 451.72 475.81 8.34

PP/BF/T3 301.32 444.00 353.97 452.11 475.37 9.94

PP/BF/T4 297.51 443.15 353.41 451.52 476.60 8.26
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results reported in the use of different matrix and

inorganic fillers by Sanjay et al. [44] and Kodgire et al.

[45].

Loss modulus (E00)

Figure 6b shows a relationship between temperature

and loss modulus (E00) of PP/BFs composites. Similar

to E0 values, the E00 values of the composites

enhanced significantly with the incorporation of BFs

compared to neat PP matrix. The E00 curves of all

samples exhibited a single prominent peak at

approximately 15 �C, which corresponded to the

glass-transition temperature (Tg) of samples. The E00

value was 146.9 MPa for pure PP, which significantly

increased to 189.3 MPa for PP/BF composite and to

183.4 MPa for PP/BF/T1 composites. This increment

in E00 values of the composites with addition of BFs

can be attributed to high energy losses as a result of

interfacial friction existing between the BFs and

matrix [46], as well as maximum viscous dissipation

[35].

In case of addition of BFs treated by TiO2

nanoparticles, it was evident that the treated com-

posites showed a lower E00 values compared to the

PP/BF composite throughout the whole temperature

range. A decrease in E00 value was attributed to the

lower mobility of the matrix molecules caused by the

addition of stiff TiO2 nanoparticles that led to a

decreasing in toughness and energy absorption

capability of the composites. However, with further

increase in temperature (about 70–80 �C), it can be

observed from Fig. 6b that the E00 values of the PP/

BFs composites were not much difference and slowly

decreased, which was mainly attributed to the

movement of the matrix molecules in the noncrys-

talline part of the crystalline region. The PP/BFs

composites were in rubber state in this temperature

range [47, 48].

Damping factor (tan d)

Damping factor (tan d) is the ratio of loss modulus to

the storage modulus (E00/E0), and it represents the
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energy dissipation capability of a viscoelastic mate-

rial. The variation of tan d of neat PP and PP/BFs

composites as a function of temperature at 1 Hz is

shown in Fig. 6c. It was observed that the magnitude

of tan d of neat PP and PP/BFs composites increased

with an increase in the temperature, whereas the

incorporation of BFs or TiO2 nanoparticles reduced

the tan d value of pure PP (Table5). This was attrib-

uted to the substantial increment in storage modulus

in comparison with that of the loss modulus, and this

enhancement in stiffness of the composites could be

ascribed to high stiffness of the BFs and TiO2

nanoparticles. Besides, the BFs restricted the mobility

of PP molecules in the relaxation process [46]. Similar

behavior of tan d values of PP/jute fiber composites

had been reported by Doan et al. [49]. In addition, the

phenomenon of Tg shifted slightly to higher temper-

ature with the addition BFs and nanofillers to com-

posites in comparison with pure PP was observed.

The PP/BF/T3 composite performed the highest Tg,

which was 17.26 �C. This shift to higher temperature

was attributed to the restriction in the mobility of the

polymer chains in the noncrystalline phase resulting

in more energy required to occur the transition [35].

This suggested a good bonding at the filler–matrix

interface was obtained. Furthermore, the parameter

of reinforcement effectiveness coefficient (C) can be

employed for quantitative evaluation of the interface

adhesion characteristics of the BFs and PP matrix,

and its expression is as follows Eq. (1):

C ¼
E0
g=E

0
r composite
� �

E0
g=E

0
r matrixð Þ ð1Þ

where E0
g and E0

r are the storage modulus values in

the glassy (0 �C) and rubbery (80 �C) regions for the

PP/BFs composites or PP matrix, respectively [46].

The C values of the PP/BFs composites are also

summarized in Table 5. We found that the PP/BF/T3

composite led to well BFs-matrix interfacial adhesion

which resulted in higher C values, which was in

accordance with the above research.

Cole–Cole plot

Cole–Cole plot is drawn according to the relationship

between loss modulus and storage modulus to pro-

vide information about the degree of homogeneity of

a composite material system. Researchers have

reported that the perfect semicircular Cole–Cole

curves represent a homogeneous polymer system

with a good dispersion of filler, indicating well

adhesion between the fillers and matrix. In contrast,

incomplete or elliptic Cole–Cole curves indicate the

heterogeneous polymer system and phase segrega-

tion. Moreover, the higher degree of Cole–Cole

curves transformation to elliptic shape suggests the

better interfacial compatibility among the compo-

nents of the multiphase composite system. Cole–Cole

plots of different samples at frequency of 1 Hz are

displayed in Fig. 6d. The results showed that all

curves represented incomplete semicircular curves,

indicating that these polymer systems were hetero-

geneous. However, the difference between the curves

could further illustrate the influence of the addition

of TiO2 nanoparticles on the microstructure changes

of PP matrix in the PP/BFs composites. We found

that PP/BF/T3 composite demonstrated a relatively

narrow curve, while PP/BF composite appeared a

wider peak shape. This was a convincing evidence

that TiO2 nanoparticles had an influence on the shape

of the Cole–Cole curves and improved the interfacial

adhesion properties between BFs and PP matrix in

the PP/BFs composites. This finding was very con-

sistent with the results of E’, E‘‘ and tan d in this

study. Similarly, several researchers had reported

similar opinions in the literature of polymer-based

composites [46].

SEM observation

SEM micrographs of the fractured surfaces of the PP/

BFs composites reinforced by TiO2 nanoparticles are

displayed at 100 9 and 20,000 9 magnification in

Fig. 7. It can be obviously seen from Fig. 7a that there

Table 5 Parameters of DMA

for PP/BFs composites at

frequency of 1 Hz

Parameters Pure-PP PP/BF PP/BF/T1 PP/BF/T2 PP/BF/T3 PP/BF/T4

tan dmax 0.08394 0.06025 0.06005 0.05865 0.05247 0.05703

Tg (�C) 13.39 15.12 15.4 15.91 17.26 16.56

C - 0.488 0.495 0.524 0.530 0.528

Note tan dmax corresponding to grass-transition temperature (Tg) was reported
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Figure 7 SEM micrographs

for the fracture surface of

a PP/BF composite, b PP/BF/

T1 composite, c PP/BF/T2

composite, d PP/BF/T3

composite and e PP/BF/T4

composite.
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were many cracks and cavities in the interface

between the BFs and the PP matrix in the PP/BF

composite without any treatment. The BFs agglom-

erated heavily and were pulled out from the polymer

matrix. The fractured surface was smooth and flat,

indicating that the interface between the BFs and PP

matrix was weak. After adding an appropriate

amount of TiO2 nanoparticles into the PP/BFs com-

posites (Fig. 7b–e), the larger specific surface led to an

increase in the interfacial binding between the BFs

and matrix with no complete BFs pulled out at the

fractured surface. With increased TiO2 nanoparticles

content, the fractured surface became rough and

incomplete. In particular, when the TiO2 nanoparti-

cles loading increased to 0.8 wt%, a number of bigger

holes and cracks was found at the interface between

the BFs and the PP matrix in the PP/BF/T4 com-

posite (Fig. 7e). Moreover, it was easy to observe

from Fig. 7e2 that TiO2 nanoparticles occurred seri-

ously agglomeration phenomenon in the PP matrix.

The phenomenon implied the interface between the

BFs and PP matrix might become poor, resulting in

the significantly changed morphology of fractured

surface. However, Fig. 7d illustrates that there were

no cracks and cavities in the fractured surface, indi-

cating stronger interfacial bonding strength between

the treated BFs by 0.4wt% TiO2 nanoparticles and the

PP matrix. These results indicated that appropriate

TiO2 nanoparticles enhanced the interfacial adhesion

between BFs and PP matrix.

Water absorption test

Water absorption

The water absorption of BPCs plays a crucial role in

the mechanical properties and dimensional stability,

especially during their use as outdoor construction

materials [50]. The influence of TiO2 nanoparticles on

the water absorption values observed in the PP/BFs

composites after 24-h and 48-h purified water

immersion times is shown in Fig. 8a, b, respectively.

As expected, the degree of water absorption in all the

samples increased with increasing immersion time.

However, with the presence of TiO2 nanoparticles

into the PP/BFs composites the water absorption

values exhibited a slight decreasing tendency, which

was primarily attributed to the better interface

bonding between BFs and matrix through TiO2

nanoparticles and the reduced hydrophilicity of

modified BFs. There are three main pathways about

water uptake in BPCs composites, including

adsorption and diffusion through the matrix, capil-

larity through natural fibers and permeation or

movement via porosities in the fiber–matrix interface.

Therefore, the relative hydrophilicity of the fiber and

the matrix, the bonding degree of the fiber and the

matrix and the morphology of the composites all

affect the water absorption of the BPCs composites.

The effect on water absorption of composites made

with inorganic fillers had been discussed in many

literature [35]. However, in the case of PP/BF/T4

composite, the presence of 0.8wt% TiO2 nanoparticles

slightly increased the water absorption rate of sam-

ples. The reason might be that excessive TiO2

nanoparticles caused agglomeration and changed the

distribution of TiO2 nanoparticles on the surface of
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Figure 8 Water absorption tests of the PP/BFs composites after 24 h and 48 h: a water absorption, and b thickness swelling.
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BFs, which made more hydroxyl group exposed on

the BFs’ surface again and interacted with water

molecules. Thus, the water absorption of PP/BF/T4

composite was slightly higher in comparison with

PP/BF/T3 composite. Similar result in increased

equilibrium water content was also reported in the

use of different matrix and nanofillers by Ibrahim

[51].

Thickness swelling

Thickness swelling rates of the PP/BFs composites

after 24-h and 48-h immersion in purified water are

shown in Fig. 8b. The thickness swelling rates of the

composites increased with the water absorption and

thus had a trend similar to that of the water absorp-

tion. Similar results were obtained by other authors

[50, 51]. It could be seen that the PP/BF composite

had the maximum thickness swelling values (1.53%

and 1.63% after 24-h and 48-h water immersion,

respectively), while the PP/BF/T3 composite exhib-

ited the smallest thickness swelling rates among

other samples (1.14% and 1.21% after 24-h and 48-h

water immersion, respectively). This was primarily

attributed to the TiO2 nanoparticles on the surface of

BFs acted as barrier and limited the expansion of BFs

after absorption of water.

Conclusions

PP/BFs composites were prepared by extrusion and

injection molding process, and the effects of TiO2

nanoparticles on the physical and mechanical prop-

erties, dynamic mechanical properties, thermal

properties, fracture surface morphology and water

absorption of composites were investigated. With the

presence of TiO2 nanoparticles in PP/BFs composites,

the mechanical strength of the composites increased

slightly. The tensile strength and impact strength of

the composite with a 0.4 wt% TiO2 nanoparticles

increased by 5.74% and 4.47% compared with the

untreated composite, respectively. The crystallinity

and thermal stability of the composites were

improved, indicating that the nanoeffect could

improve the crystallization behavior of PP matrix.

DMA showed that the sample with the combination

of 0.4wt% TiO2 nanoparticles had the higher storage

modulus (E0) and glassy transition temperature (Tg),

and reinforcement effectiveness coefficient (C) was

slightly higher than that of other samples. Moreover,

with increased TiO2 nanoparticles content, the frac-

tured surface became rough and caused more micro-

cracks. Besides, compared with the untreated BFs

composite, the water absorption and the thickness

swelling of the PP/BF/T3 composite were decreased

by 17.09% and 26.12% after 48 h of immersion,

respectively. These results showed that TiO2

nanoparticles could enhance the interface bonding

strength between BFs and matrix PP.
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