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ABSTRACT: In this study, at first, thin films of Poly (3-hydroxybutyrate-co23-hydroxyvalerate) (PHBV) nanocomposites were prepared

by adding 1–3 wt % grafted halloysite nanotubes (G-HNTs). Jute-PHBV bio-nanocomposites were then fabricated using these films

and chemically treated jute fibers in a compression mold machine. The effect of treatment and modification on jute fiber and halloy-

site nanotubes (HNTs), and the change in their morphology was investigated using Fourier transform infrared (FTIR) spectroscopy,

X-ray diffraction (XRD), scanning and transmission electron microscopy (SEM, TEM). Flexural and thermomechanical properties

were determined using a three-point bend test and dynamic mechanical analysis (DMA). The results showed separation of fiber bun-

dles with rough fiber surfaces, and grafting of silane coupling agents on fibers and HNTs after the chemical treatment. As a result, a

strong bonding was established between the PHBV, G-HNTs and jute fibers that lead to significant improvements in flexural and ther-

momechanical properties of jute-PHBV bio-nanocomposites. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43994.
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INTRODUCTION

Researchers and many government agencies are looking for

alternate materials that are efficient, environmentally friendly

and inexpensive to replace traditional synthetic polymeric mate-

rials. In recent years, materials extracted from natural resources

such as biopolymers and natural fibers have shown considerable

potential in automotive, food packaging and medical field

industries.1–5 These materials are inexpensive, recyclable, biode-

gradable, non-toxic and environmentally friendly.1,6,7 However,

there are some difficulties that have prevented the extended uti-

lization of these materials. The most commonly preferred natu-

ral fiber, that is, jute fiber is inexpensive, commercially available

in the required form and has higher strength and modulus than

plastic.8

The main elements of jute fibers are cellulose, hemicelluloses,

lignin, and pectin. Cellulose is resistant to alkali but hydrolyzes

in acid. Hemicellulose is hydrophilic, soluble in alkali, and

hydrolyze in acids easily. Lignin is amorphous and hydrophobic

in nature that has aromatic and aliphatic constituents in its

structure. On the contrary, pectins are waxy elements that pro-

vide plant flexibility. The presence of hydroxyl (AOH) groups

in jute fibers, like other ligonocellulosic fibers, makes them sus-

ceptible to moisture, and hence directly impairs the properties

of jute composites, especially dimensional stability. Also, natural

fibers do not efficiently adhere to non-polar matrices due to

this polar group which leads to weak load transfer from matrix

to fiber resulting in poor mechanical properties. To reduce the

hydrophilic nature of jute fibers and improve the adhesion

properties, it is necessary to modify the surface.9 Several meth-

ods have been used to modify natural fiber surfaces, such as

alkali treatment,10,11 pre-impregnation of fibers,12 maleic anhy-

dride as copolymers13,14 and silane grafting.7,15–17 Van de

Weyenburg et al.18 reported up to 30% increase in the tensile

strength and modulus of flax/epoxy composites after alkali

treatment. Zini et al.19 found that surface acetylation of the flax

fiber promotes fiber-matrix interaction and improved the

mechanical properties of flax/PHBV composites. Silane treat-

ment was also carried out by immersing the fibers in a weak

solution of a silane diluted in a water/alcohol or water/ketone

mixture. In the presence of water, silane breaks down into sila-

nol and alcohol. Thus, the silanol reacts with the OH groups of

cellulose in natural fibers, forming stable covalent bonds on the

cell walls that are chemisorbed onto the fiber surface.20 The
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degree of crosslinking in the interface region and a stronger

bonding between fiber and matrix due to increase in fiber sur-

face area after silane treatment was found.21 Recently, research-

ers have used a combination of alkali and silane treatments on

natural fibers. Herrera-Franco et al.15 and Huda et al.21 per-

formed alkali and silane treatments either in isolation and com-

bination on henequen and flax fibers and investigated their

tensile and flexure properties by reinforcing with different poly-

mers. They reported optimum improvement in these properties

in an alkali and silane treated fiber composites.

On the contrary, biopolymers such as bionolle, poly(3-hydroxy-

butyrate-co23-hydroxyvalerate) (PHBV) and polylactic acid

(PLA)19 are used with natural fiber reinforced composites.

Among these polymers, PHBV can be considered as true biopol-

ymer as they are synthesized by bacteria as macromolecules.

However, the PHBV thermoplastic polymer has relatively lower

mechanical properties and poor thermal stability in comparison

with synthetic polymers which restricts their use in many

applications.

In recent years, HNTs, a member of Kaolin group has attracted

the interest as a reinforcement material due to its tube like

structure similar to carbon nanotubes with diameters typically

smaller than 100 nm and length in between 500 nm to 1.2

microns.22 The external surface of HNTs is mainly composed of

the siloxane (SiAOASi) groups, whereas the internal surface

consists of a gibbsite like array of aluminol (AlAOH) groups.23

HNTs contain two types of hydroxyl groups, which are situated

on the surface of nanotubes and in between the layers which

are called inner and outer hydroxyl groups, respectively. The

presence of hydroxyl groups that form hydrogen bonding with

the polymer matrix favors good dispersion.24,25 Incorporation

of HNTs in various polymers is reported to significantly

improve the tensile strength and stiffness, thermal stability, fire

retardency and moisture resistance.26–28

However, to the best of our knowledge, no study is reported on

100% jute-PHBV bio-nanocomposites by adding the promising

grafted natural HNTs. We strongly believe that grafting of HNTs

and jute fibers with strong nucleophile amino functional groups

will establish a three-way reaction with the carbonyl groups of

PHBV polymer forming stable covalent bonds, and may

improve the overall performance of these composites signifi-

cantly. We focused on investigating the effect of alkali and silane

treatment of jute fibers, and the addition of grafted HNTs (G-

HNTs) on the morphology of PHBV polymer and, flexural and

thermomechanical properties of jute-PHBV bio-nanocomposites

in this study.

EXPERIMENTAL

Materials

The bacterial grade Poly (3-hydroxybutyrate-co23-hydroxyvaler-

ate) (PHBV), containing 12 mol % of valerite was supplied by

Goodfellow Cambridge Limited, UK. This material is an easily

melt processible semicrystalline thermoplastic polyester available

in pellet form made by biological fermentation. An unmodified

tubular shaped halloysite nanotubes (HNTs) was obtained from

Natural Nano, Inc. The measured pore volume of HNT is 0.17–

0.19cc/g. Woven jute fabric (Natural Color Burlap, Width 4700,
weight-11 Oz, Product ID# BURNATU) with an average fiber

thickness of 0.5 mm was supplied by OnlineFabricStore.net. Sil-

ane coupling agent, 3-aminopropyl triethoxy silane (APTES)

was used as a coupling agent for surface modification of jute

fiber and HNTs. Ethanol (CH3CH2OH) and acetic acid

(CH3COOH) were used for the treatment. All of these chemi-

cals were bought from Sigma Aldrich Inc.

Processing

Grafting of HNTs. A mixture of ethanol and water in a ratio of

80:20 was taken in a glass beaker. A total of 10 mL of silane was

then added into the mixture and stirred for 5 min. The pH of

the total solution was kept at 4.0 by adding acetic acid to the

mixture, as silane is more stable in slightly acidic condition. A

total of 50 g of unmodified HNTs was then added into the solu-

tion and stirred well using a magnetic stirrer bar and plate. The

solution was then dried at room temperature to evaporate etha-

nol and water, followed by vacuum drying in oven for 24 hr.

Finally, dried particles were grinded using a mortar and filtered

with 10 m sieve to obtain finer G-HNTs.

Alkali Treatment and Silane Grafting of Jute Fibers. Jute fibers

were first alkali treated with a solution of NaOH to remove lig-

nin, hemi-cellulose and pectin from the fiber. Jute fibers were

weighed before the treatment and kept in a solution of 5%

NaOH at 23 8C for 2 h. A ratio of 1:20 between the fiber and

NaOH solution was maintained for this treatment. Subse-

quently, the fibers were washed thoroughly with distilled water.

A total of 2% acetic acid solution was then added to the alkali

treated fiber in order to neutralize the solution followed by con-

tinuous washing of fibers using distilled water until the pH

reaches to 7.0. Fibers were then dried in an oven kept at 120 8C

to remove the moisture. For silane grafting, 2 wt % APTES was

added in 80:20 ethanol/water solution. The pH of the solution

was kept at 4.0 using acetic acid. Alkali treated jute fibers were

then dipped into this solution and kept for 1 h. Finally, the

fibers were washed with distilled water and dried in an oven at

120 8C to remove the water and ethanol present in the fibers.

Fabrication of PHBV/G-HNTS Bio-Nanocomposite Film and

Jute-PHBV Bio-Nanocomposites

Before processing, PHBV pellets and G-HNTs were dried well at

70 8C for 12 h to remove the moisture content in order to avoid

possible polymer degradation. A total of 1–3 wt % G-HNTs

were premixed with PHBV pellets before melt mixing. PHBV

bio-nanocomposites with 1–3 wt % G-HNTs concentration

were then prepared using a single screw extruder machine. The

extruder was operated at 100 rpm and the temperature of dif-

ferent zones was kept in the range of 145–166 8C to avoid deg-

radation of polymer and fillers. Samples collected from the

extruder machine were then compression molded using a

Wabash hot press to get nanocomposite films of thickness 0.45–

0.48 mm. During compression molding, a 2.5 ton force was

applied for 10 min on the set-up and the temperature was

maintained at 166 8C. Neat PHBV composite films were also

prepared using the same procedure for baseline comparison.

For jute-PHBV bio-nanocomposites, the fibers and films were

stacked in alternate layers and placed in between the two hot
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plates of a compression mold machine. The panels were pre-

pared by compressing the fiber-film arrangement using 1.5 tons

of force for 15 min at a temperature of 166 8C and finally

cooled to room temperature.

CHARACTERIZATION METHODS

Micrographic Analysis

Transmission electron microscopy (TEM) was carried out at 60

kV using JOEL 2010 to investigate the morphology of pure and

grafted HNTs. At first, a drop of colloidal solution containing

the HNTs dispersed in ethanol was placed on a copper grid.

The grid was then inserted into the TEM chamber for analysis.

JEOL JSM-6400 scanning electron microscopy (SEM) was used

to study the morphology of untreated (UT), alkali treated (AT),

and alkali and silane treated (AST) jute-fibers, as well to analyze

the fractured surfaces of these specimens after flexure tests. The

surfaces of fibers and fractured specimens were gold sputtered

to increase the conductivity. An accelerating voltage of 5 kV

was maintained in the SEM.

Fourier Transform Infrared (FTIR) Spectroscopy

Structural characterization of HNTs and jute fibers were per-

formed using a Shimadzu FTIR 8400s instrument equipped

with MIRacleTM ATR. The samples were scanned from 550–

3500 cm 2 1 with a resolution of 4 cm21.

X-ray Diffraction (XRD) Analysis

XRD patterns of G-HNTS powder, PHBV, and PHBV/G-HNTs

samples with different HNT loadings were recorded by Rigaku

D/MAX 2200 X-ray diffractometer with Cu Ka radiation

(k 5 1.54 Å) min and operating at 40 kV and 30 mA with a

scanning speed of 38 per minute. During the XRD experiments,

the samples were analyzed in the reflection mode.

Flexure Test and Dynamical Mechanical Analysis (DMA)

Three-point bend flexure test was performed on UT, AT, and

AST samples according to ASTM D790-10 on a Zwick-Roell test

machine. At least five samples of each set with dimensions 92

3 12 3 4.5 mm were tested at a crosshead speed of 2 mm/min,

while maintaining a span-to-length ratio of 16:1.

DMA was also performed on these samples according to ASTM

D4065-01 on a TA instrument Q 800. Samples of size 60 3

12.5 3 4.5 mm were loaded in a double cantilever beam mode.

A frequency of 15 Hz, an amplitude of 15 lm and a tempera-

ture ramp rate of 5 8C/min was used. At least three samples of

each set were tested, and an average was taken to get the storage

modulus, loss modulus and tan delta, respectively.

RESULTS AND DISCUSSION

TEM and FTIR Analysis of HNTs

Figure 1 shows the TEM images of both unmodified and

G-HNTs. It was found that after the silane treatment, the outer

diameter of G-HNTs increased by 60 nm in comparison with

unmodified HNTs determined using the ImageJ software. To

confirm that the increase in diameter of G-HNTs is due to suc-

cessful grafting of silane coupling agents on its surface, FTIR

analysis was carried out that showed several additional peaks in

G-HNTs in contrast to unmodified HNTs (Figure 2). The

observed new bands were CAH symmetric and asymmetric

vibration band around 2966 and 2876 cm21, and the deforma-

tion CAH vibration band at 1468 cm21.22 Also, the NAH

deformation vibration band at 1550 cm21 29 is resulted due to

the NAH group strongly bonded with hydroxyl groups of both

HNTs and silanol group. Also, N-H asymmetric stretching at

Figure 1. TEM images of (a) unmodified HNTs and (b) G-HNTs.

Figure 2. FTIR spectra of unmodified HNTs and G-HNTs. [Color figure

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

com.]
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3370 cm21 indicated the presence of unreacted NH2 group in G-

HNTs samples. Furthermore, the unmodified HNTs showed spec-

tra at 3617 and 3688 cm21 29 which is due to the presence of sur-

face hydroxyl groups. However, in G-HNTs, the intensity of these

bands decreased considerably indicating that the modification

was accompanied by the consumption of surface hydroxyl groups.

Moreover, the broadening of peaks at 1130 and 1015 cm21 was

also observed that can be attributed to the formation of

SiAOASi30 bonds in the G-HNTs sample. All these results clearly

indicated that silane coupling agents were grafted on the HNTs

surface, as evident from the TEM shown in Figure 1.

XRD Analysis

XRD patterns of G-HNTS powder, PHBV and PHBV/G-HNTs

samples with different HNT loadings are shown in Figure 3.

The XRD patterns of G-HNTs showed the basal peak at

2u 5 12.18 corresponds to a (001) basal spacing of 0.73 nm.

This confirms the nanosize of the HNTs as well as the tubular

structure of them.31,32 In PHBV/G-HNTs samples, the internal

channel diffraction peak at (001 plane) was found to shift to

lower angle indicating a layer expansion of the HNT tubes.

From the results, it was also noticed that the interlayer distance

of the basal plane increased from 0.73 to 0.743 nm (1 wt %),

0.747 nm (2 wt %) and 0.752 nm (3 wt %) in PHBV/G-HNTs

samples. This increase in the interlayer spacing indicates that

the PHBV may have been successfully intercalated inside the

HNT layer. Also, it was noticed that the diffraction peak inten-

sitys found in G-HNTs at 2u 5 12.1 and 2u 5 19.98 disappeared

in PHBV/G-HNTs samples, indicating a high degreee of exfolia-

tion of G-HNTs in PHBV resin. It is clearly evident from these

results that the G-HNTs were homogeneously dispersed due to

the strong interaction between the PHBV polymer and HNT,

which has originated from the formation of strong covalent

bonding between the carbonyl group of PHBV and amino func-

tional groups of G-HNTs as shown in Figure 4.

SEM and FTIR Analysis of Jute Fiber

Figure 5 shows the SEM micrographs of UT, AT, and AST jute-

fibers. The as-received UT fibers contain lignin, pectin, waxes,

cellulose and hemicellulose in their structure. After alkali treat-

ment, waxes, impurities and non-cellulosic substances were

removed, resulting in separation of fibers [Figure 5(c)]. Also,

rougher surface was obtained due to acetylation of jute fibers

[Figure 5(d)].

The separation of jute fiber bundle with a rougher surface

increased the effective area available for contact with the wet

matrix.33,34 Micrographs of AST fibers showed the presence of a

silane grafting on the fiber surface evident from Figure 5(e,f).

Figure 3. XRD pattern of pure HNTs, PHBV, and G-HNTs added PHBV

bio-nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. Reaction mechanism between silane grafted HNT and PHBV resin.
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Figure 6 shows the FTIR spectra of UT, AT and AST jute fibers.

In the range of 3200–3600 cm21, a broad absorption band was

observed due to the stretching vibration of H-bonded AOH

groups which was found common to all spectra. However, after

the alkali treatment, this OAH stretching vibration was reduced.

A strong peak for CAH bond observed near vibration band

2930 cm21 35 in UT fibers. This is due to the stretching of

ACH and ACH2 groups present in cellulose, hemicellulose, and

pectin. The intensity of this vibration was reduced after the

alkali treatment indicating the removal or minimization of

hemicellulose and pectin content. Also, the wavenumber at

1730 cm21 36 in UT fibers represented the C@O stretching

vibration of a carboxylic acid and ester present in the hemicel-

luloses. However, after the alkali treatment, this vibration peak

was also reduced. The absorbance band at 1450 cm21 and

1040 cm21 responsible for -CH3 asymmetric and ACH aro-

matic stretching in lignin was also reduced after alkali treat-

ment, thus confirming the removal or minimization of lignin

content in treated fibers.

The AST jute fiber FTIR spectra showed some additional

absorption peaks at 1570 cm21 and 1482 cm21 which is due to

the deformation modes of amino groups that are strongly

hydrogen bonded with the hydroxyl groups of cellulose present

in the fibers and silanol groups formed during hydrolysis of sil-

ane coupling agent. Thus, the FTIR spectra of AST fibers con-

firmed the minimization of hydrophilic content and successful

grafting of silane agents on the fiber surface, matching well with

the SEM images shown in Figure 5 (e,f).

Flexural Properties

Figure 7 shows the flexural results of UT and AST jute fiber-

PHBV composites with and without G-HNTs. The flexural

strength and modulus of AST samples were improved by 18.6%

Figure 5. SEM micrographs of, (a,b) untreated (UT), (c,d) alkali treated (AT), and (e–f) alkali-silane treated (AST) jute fibers.

Figure 6. FTIR spectra of UT, AT, and ATS treated jute fibers. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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and 19% in comparison with UT counterpart. The AST fibers

may have formed a better adhesion with the polymer matrix

due to removal of hydroxyl groups that provided more surface

area for fiber wettability with PHBV matrix. In addition, after

silane treatment, the functional groups of silane reacted with

water forming silanol and alcohol.38 The silanol then reacts

with the hydroxyl group of the fibers forming a stable covalent

bond. Further, when these fibers were combined with the PHBV

polymer, the NH2 of fiber reacts with the PHBV carbonyl func-

tional groups as shown in Figure 8. As a result, the interfacial

bonding between jute fiber and PHBV matrix may have

increased leading to the increase in flexural strength and modu-

lus of AST samples. However, G-HNTs added AST samples

showed a linear increase in flexural strength and modulus with

an increase of 25% and 35% at 1 wt %, 36% and 51% at wt %,

and a maximum improvement of 49% and 63% at 3 wt %

loading in comparison with UT samples. This additional

improvement in flexural properties can be attributed to the

addition of G-HNTs. The surface energy may have reduced pro-

viding uniform dispersion of HNTs in PHBV resin. As a result,

the HNTs were well exfoliated in the PHBV polymer evident

from XRD results (Figure 3) and provided more sites for their

interaction. In addition, the G-HNTs contain a strong nucleo-

phile amino functional group that has reacted with the carbonyl

group of PHBV leading to a formation of a strong covalent

bond, the reaction mechanism of which is shown in Figure 4.

Chemically interlocked resin and HNTs structure lead to

improved PHBV matrix strength and has improved the interfa-

cial bonding between the jute fiber and PHBV matrix forming a

three-way reaction, thus facilitating improved stress transfer

between them. It can be seen from Figure 9 (c,d) that the 3 wt

% G-HNTs samples offered high resistance to applied load prior

to failure evident from intensive damage in the region where

the load was applied and the frequent divergence of the crack

path indicating improved matrix strength and fiber-matrix

bonding. In contrast, less damage area in the region of loading

and free crack propagation was observed in UT samples [Figure.

9 (a,b)] indicating weak interfacial bonding between fiber and

matrix. Also, because of the strong interfacial bonding between

G-HNTs and PHBV, the cracks that are formed upon loading

may have stabilized by the nanotube bridging and stopped

developing into a harmful crack.39 However, the improved

interfacial bonding between jute fiber and PHBV matrix lead to

decrease in strain to failure in AST treated samples in compari-

son with UT samples. A further decrease in strain to failure was

found when G-HNTs were incorporated in PHBV, which can be

attributed to improved chemical interlocked structure that may

have reduced the mobility of PHBV polymer chains (Figure 7).

Dynamic Mechanical Analysis (DMA)

Figure 10 and Table I shows the storage modulus, loss modulus

and tan delta results of UT, AST with and without G-HNTs

jute-PHBV samples with respect to temperature. It was observed

that the storage modulus of samples was highest at room tem-

perature and gradually decreased with increase in temperature.

The AST samples showed an increase in the storage modulus of

14% in comparison with UT counterpart. Similar to flexure

results, a linear increase in storage modulus was observed in G-

HNTs added AST samples with a maximum increase of 31% at

3 wt % loading. However, the loss factor, tan d, was found to

decrease with the addition of HNTs with the lowest in 3 wt %

G-HNTs loading samples in comparison with UT samples as

shown in Figure 10. The tan d provides the account of energy

dissipated as heat during the dynamic testing.40 Higher tan d

value in UT samples can be attributed to more energy dissipa-

tion at the interface between jute fiber and PHBV matrix indi-

cating weak bonding. In contrast, the decrease in loss factor in

G-HNTs samples can be attributed to a higher degree of crystal-

linity. Crystalline structures reduce the loss modulus giving rise

to the storage modulus. Loss modulus is related to the molecu-

lar chain mobility of the polymer. The lower loss modulus in

G-HNTs samples in comparison with UT samples evident from

Table I can be attributed to the nanotubes and improved inter-

facial bonding between the HNTs, PHBV and fibers that may

Figure 7. Flexural stress–strain curve of UT, AST, and AST with 1–3 wt %

G-HNTs added jute-PHBV bio-nanocomposites. [Color figure can be

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

Figure 8. Reaction mechanism between APTES grafted jute fiber and PHBV matrix.
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Figure 9. SEM images of fractured samples under flexural loading. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 10. Storage modulus, loss modulus, and tan delta vs. temperature response of UT, AST, and AST with 1–3 wt % G-HNTs added jute-PHBV bio-

nanocomposites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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have imposed restriction on the expansion of the molecular

chain in the amorphous region.

CONCLUSIONS

The alkali treatment caused defibrillation and made the fiber

surface rough. FTIR results confirmed the decrease of hemicel-

lulose, lignin and pectin content in addition to the presence of

amino functional groups on the fiber surface after alkali treat-

ment and surface modification with a silane coupling agent.

TEM images showed an increase in HNTs diameter indicating

the HNTs were grafted with amino groups, which was also con-

firmed from FTIR analysis. XRD results showed complete exfo-

liation of G-HNTs in PHBV and the intercalation of PHBV

polymer in HNT layers. Maximum enhancement in flexural and

thermo-mechanical properties was observed in 3 wt % G-HNTs

AST jute-PHBV samples in comparison with untreated counter-

part. It can be concluded from the findings that the properties

of jute-PHBV biocomposites can be improved by following the

traditional approach of alkali treatment and silane modification

of fibers. The amino groups present on the surface of fibers

formed strong covalent bond with the PHBV matrix leading to

strong interfacial bonding and improved stress transfer between

them. However, the most promising outcome of this study is

the maximum enhancement in jute-PHBV composite properties

using grafted HNTs. The grafting of HNTs with strong nucleo-

phile amino functional groups that not only improved the dis-

persion providing more interaction sites with PHBV resin, but

also formed a covalent bonding with the PHBV resin. Thus, this

chemically interlocked resin and HNTs structure lead to

improved PHBV biopolymer strength and stiffness. Also,

because of the strong interfacial bonding between G-HNTs and

PHBV, the cracks that are formed upon loading may have stabi-

lized by the nanotube bridging and stopped developing into a

harmful crack. Thus, it is shown that the much concern poor

strength and stiffness of biocomposites can be successfully

improved by reinforcing silane grafted HNTs. It will be interest-

ing to investigate the flexure and DMA properties of jute-PHBV

composites by further increasing the concentration of HNTs

loading until an optimization or saturation limit is reached,

which is out of scope of this work.
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