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Semi-IPN of biopolyurethane, benzyl starch, and cellulose nanofibers:
Structure, thermal and mechanical properties
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ABSTRACT: The aim of this study was to develop bionanocomposites of biopolyurethane (PU), benzyl starch (BS), and cellulose nano-

fibers (CNF) with semi-interpenetrating polymer network (S-IPN) structure of improved properties. Morphology, thermal and

mechanical properties of S-IPN blends and nanocomposites were studied and compared with the neat polymers. Microscopy study

showed that PU and BS were partially miscible as well as CNF were dispersed in both PU and BS phases in the nanocomposites.

Dynamic mechanic thermal analysis demonstrated that BS decreased the tan d peak of the PU while CNF increased it. The positive

shifting of tan d peak in the S-IPN nanocomposite also indicated the presence of CNF in the PU phase. It was also noticed that S-

IPN nanocomposite displayed two tan d peaks at higher temperature, indicating molecular interaction among BS, PU, and CNF. Fur-

thermore, the S-IPN nanocomposites displayed significantly higher E-modulus and tensile strength compared with the neat PU.

VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43726.
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INTRODUCTION

The sustainable and renewable materials are of interest today

because of our limited petroleum reserves and plastic wastes

results in environmental pollution. Many of these problems

could be solved by using polymers and materials from renew-

able resources. Renewable or biobased polymeric materials, e.g.

cellulose, starch, poly(lactic acid), etc. have much potential and

several advantages, such as biodegradability, renewability, sus-

tainability, etc. In spite of several advantages of renewable poly-

mers, their properties are still far from those of the common

used petroleum-based polymers. Therefore, development of new

materials through the modification of biobased polymeric mate-

rials is a great attention of industrial and academic research.

One convenient modification technique is blending. In contrast

to the synthesis of novel polymers from these materials, the

development of new materials by blending the existing biobased

materials is a comparatively economic route.1 However, the

properties of natural polymers, their blends, and composites are

usually low depending on that they are immiscible and thermo-

dynamically incompatible. As a result, the mixed components

display macrophase separation with low adhesion towards each

other and such materials will lead to poor mechanical proper-

ties.2 Various strategies such as modification of polymers by

graft-copolymers,3–5 addition of compatibilizers1,26 or creating

of interpenetrating polymer networks (IPN),7–10 etc. can be

used to minimize the polymer phase separation.

According to IUPAC, the definitions of IPN is “Polymer com-

prising two or more networks that are at least partially inter-

laced on a molecular scale but not covalently bonded to each

other and cannot be separated unless chemical bonds are bro-

ken”. On the other hand, semi-IPN is “Polymer comprising one

or more polymer networks and one or more linear or branched

polymers characterized by the penetration on a molecular scale

of at least one of the networks by at least some of the linear or

branched macromolecules.11 IPN is an important technology of

blending of polymers, which helps in mixing incompatible poly-

mers. Polymer blend based on IPN exhibit better dispersion of

phases and stability in morphology by decrease of the interfacial

tension of phases.12 Therefore, higher mechanical properties are

expected by interpenetrating polymer networks in contrast to

the normal polymers blend. The IPN also find many industrial

applications based on different polymers, particularly polyur-

ethanes such as impact-resistant materials, materials for sound

proofing and thermal insulation, solid electrolytes, conducting

elastomers coatings, adhesives, and so on.13 IPN can also be

used in biomedical applications such as preparation of

VC 2016 Wiley Periodicals, Inc.
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hydrogels and their applications in controlled drug delivery.14

In the present study, a new S-IPN nanocomposite with

improved properties based on biobased polyurethane (PU), ben-

zyl starch (BS) derived from potato starch, and cellulose nano-

fibers (CNF) isolated from banana rachis waste was prepared.

Polyurethanes are interesting materials owing to their wide vari-

ety of applications, such as foams, elastomers, adhesives and

coatings, etc. The choice of the PU matrix can be dictated by

the fact that they can be synthesized from renewable polyol, like

soybean oil,15 castor oil,9 palm oil,16 linseed oil,17 etc. Moreover,

synthesis of polyurethanes is relatively easier and they have been

using in the synthesis of many IPNs.18–22 PU can be used with

BS9 to form S-IPN and it is also compatible with cellulose

nanoparticles.23,24 It has been reported that S-IPN materials

based on PU and BS showed improved mechanical properties

compared with the neat PU.9 More improvement in mechanical

properties of the PU and BS based S-IPN materials can be

expected by the presence of CNF. The reinforcing effect of

nanocelluloses obtained from different sources e.g., sisal,25

wood,26 tunicate,27 wheat straw,28 banana,29,30 etc. are also

promising for many polymers because of their mechanical prop-

erties.23,24,31–35 Hence, combination of PU, BS, and CNF based

on IPN can develop a new nanocomposite material with

improved properties. Moreover, publications concerning the

preparation and properties of interpenetrating polymer net-

works based CNF nanocomposites are relatively uncommon.

Thus, the aim of the present study was to create a new S-IPN

nanocomposite with improved properties based on PU, BS

derived from potato starch and CNF. The S-IPN nanocomposite

was planned to prepare by casting process. It was reported that

CNF as hydrogen-bonded CNF network has a very large rein-

forcing effect in polymer nanocomposites obtained by the cast-

ing process.36 The hypothesis of the work was that if a blend of

BS and CNF are mixed with the prepolymers (polyol and iso-

cyanate) of PU and a network of PU is thereafter created by the

chemical reaction between polyol and isocyanate, then the

resulting material can exhibit improved mechanical properties

because of the semi-interpenetrating polymer network of PU

and BS (which has been reported by Cao et al.9) as well as the

reinforcement of CNF by forming hydrogen-bonded CNF net-

work. In this study 10–30 wt % of BS content were used to pre-

pare S-IPN nanocomposites. Generally, the natural polymer

content in S-IPN materials should be <30 wt % to get improve-

ment in mechanical properties.9 The concentration of CNF was

selected 10 wt % considering the large reinforcing effect in

starch.34 The S-IPN nanocomposite morphology, thermal and

mechanical properties were studied

EXPERIMENTAL

Materials

Matrix Components. Polyol (Polygreen 3110) based on palm

oil with a minimum hydroxyl value of 92 mg KOH/g, viscosity

of 1200 mPas at 30 8C, functionality of 2 and acid number of

0.7 mg KOH/g was supplied by PolyGreen, Malaysia. Commer-

cial polymeric methane di-phenyl di-isocyanate (PMDI) (ISO

PMDI 92140) with –NCO content of 31%, functionality of 2.7,

density of 1.23 g/cm3 at 25 8C, melting point of <10 8C, and

viscosity (dynamic) of 170–250 mPas (25 8C) was purchased

from Lagotech AB, Sweden. Dibutyltin dilaurate (DBTDL) as a

catalyst (laboratory-grade) were purchased from VWR, Sweden

Potato starch (water content 20 wt %, BDH, Prolabo), Benzyl

chloride (purity 99.0%, Alfa Aesar. GmbH and Co, KG, Ger-

many), and Sodium hydroxide (NaOH) pellets (purity 99.0%,

Merck, Germany) were purchased from VWR, Sweden.

Solvent and Swelling Agent. N,N-dimethylformamide (DMF),

purity 99.8% were purchased from Sigma-Aldrich, Sweden.

Reinforcing agent: CNF were prepared from bleached cellulose

pulp obtained from banana rachis waste (received from the

Pontifical Bolivarian University Colombia) using mechanical

fibrillation, as reported in elsewhere.37 Firstly, 2 wt % of the

aqueous cellulose pulp suspension was prepared by a high shear

mixer (L4RT, Silverson, England). CNF were then obtained by

grinding the cellulose suspension at 1000 rpm by passing

through a supermass colloider (Masuko MKZA10–20J, Japan).

Preparation of S-IPN Blends and Nanocomposites

Benzylation of starch or starch-CNF blend followed the proce-

dure reported by Cao et al.9 In a three-necked round bottom

flask connected with a condenser, 10 g of starch previously dis-

persed in 100 mL of water was taken and heated at 40 8C using

an oil bath. The mixture was stirred strongly using a mechanical

stirrer and 35 wt % of NaOH solution (50 g) was added drop-

wise through a dropping funnel. The stirring was continued for

30 min more and then 25 g of benzyl chloride was added. The

temperature was increased upto 100 8C and the benzylation

reaction was carried out for 1 h. A white gummy precipitate of

BS was separated and washed with acetone and water several

times. Finally, washed BS was dried under vacuum and stored

in a desiccator. Benzylation of the starch-CNF blend of required

weight ratio was carried out by following the above procedure

to obtain benzylated starch-CNF (BS-CNF) blend. In this case

starch powder was premixed with CNF aqueous suspension.

The procedure of the synthesis of BS with a reaction scheme is

shown in Figure 1.

The palm-oil-based PU film (NCO/OH 5 1.2) and S-IPN films

of PU/BS, PU/BS/CNF were synthesized as reported by Cao

et al.9 with some modifications. PMDI (2.11 g) with DMF was

taken into a two-necked round bottom flask and then 7.89 g of

palm-oil-based di-polyol (hydroxyl groups content 4.49 wt %)

dissolved in DMF was added into the flask drop-wise for 50

min under a nitrogen atmosphere. The mixture was stirred for

2 h. The resulting PU prepolymers were mixed with BS or BS-

CNF blend of a desired mass (previously dissolved or dispersed

in DMF) for 5 min; finally, 1 wt % of catalyst of DBTDL was

added and mixing was continued for 1 min. The resultant mix-

ture of 5 wt % solid content (10 wt % for PU) was cast onto

Teflon petri dishes. The cast material was then kept in an oven

at 60 8C for 12 h to carry out curing. Thus the films of PU, PU/

BS S-IPN blends, and PU/BS/CNF S-IPN nanocomposites were

obtained. A nanocomposite film based on PU and CNF was

also prepared following the above procedure. In this case, dis-

persion of CNF in DMF was obtained by exchanging water with

acetone and then acetone with DMF through several steps of
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centrifugation and re-dispersion. The prepared materials were

coded as reported in Table I.

Characterization

Starch and BS were analyzed by FT-IR spectroscopy to be con-

firmed that benzylation of starch was occurred. The samples

were analyzed with KBr pellets using a Bruker IFS 66v/S FTIR

spectrometer by averaging 120 scans at a resolution of 4 cm21.

The morphology of the used CNF was examined by using a

Veeco multimode atomic force microscopy (AFM) (Santa Bar-

bara, USA), with a Nanoscope V controller with etched silicon

tips, operating in the taping mode in air. A droplet of CNF sus-

pension (about 0.02 wt %) was put on fresh mica plate and

dried it at 60 8C under vacuum for 1 h. The dried sample was

then analyzed and height and amplitude images were collected.

Cryogenically fractured surfaces of neat PU, the S-IPN blends,

and the S-IPN nanocomposite were studied using a high-

resolution scanning electron microscope (HR-SEM) (Merlin

Zeiss, Germany) to study the structure and the effect of CNF

addition in the morphology. The sample surfaces were coated

using a Bal-Tec MED 020 Coating System with a tungsten tar-

get. The coating was performed in a vacuum of approximately

6 3 1025 mbar with 100 mA current for 20 s to obtain about

3–5 nm coating thickness.

Gel content of neat PU, S-IPN blend and nanocomposite was

determined of small rectangular film specimens (approximately

0.1 g) in DMF at room temperature for one week. The films,

enclosed in metal net pouch, were immersed in DMF with mild

stirring. After 24 h DMF was replaced with fresh solvent and

stirring was continued at room temperature for another 6 days.

After 7 days the swollen samples were weighed with the aid of a

weighing bottle. Finally, the samples were place in an oven and

dried under vacuum at room temperature to obtain gel content.

Swell ratio was calculated by the following equatio38,39:

Swell ratio5
wg 2wd

wo2we

K11 (1)

where Wo is the original weight of polymer, We the weight of

extract, Wg the weight of swollen mass after 7 days, Wd the

weight of dried gel, and K the density of polymer/density of sol-

vent at room temperature.

Dynamic mechanical thermal analysis (DMTA) of neat PU, S-

IPN blends and nanocomposites was conducted by a DMA QA

800 from TA Instruments (USA). The rectangular sample speci-

mens (about 20 3 6 3 0.3 mm3) were analyzed in tensile mode

from 250 8C to 250 8C by setting heating rate and frequency

3 8C/min and 1 Hz, respectively.

Thermogravimetric analysis (TGA) was conducted in a TGA-

Q500 from TA Instruments (USA) in air atmosphere. About 6–

15 mg of samples were heated in ramp mode from 30 8C to

600 8C using a heating rate of 10 8C/min.

The tensile tests of neat PU, S-IPN blends, and nanocomposites

were carried out by a conventional Shimadzu AG-X universal

testing machine (Kyoto, Japan) with a load cell of 1 kN, gauge

Table I. Samples with their Coding and Compositions

Sample code
Type of
materials

Compositions (wt %)

PU/BS wt. ratioPU BS CNF

PU — 100 — — —

PU90/BS10 S-IPN 90 10 — 90/10

PU80/BS20 S-IPN 80 20 — 80/20

PU72/BS18/CNF10 S-IPN 72 18 10 80/20

PU70/BS30 S-IPN 70 30 — 70/30

PU63/BS27/CNF10 S-IPN 63 27 10 70/30

PU95/CNF5 — 95 — 5 —

Figure 1. Follow diagram for synthesis of benzyl starch with a reaction scheme. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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length of 20 mm and a crosshead speed of 10 mm/min. Test

specimens were cut from the prepared films using a bone shape

press mold following the ASTM D-638 standard. Minimum five

specimens of each material after conditioning at 50% relative

humidity were tested. Average values of the E-modulus (calcu-

lated from the stress–strain curves), tensile strength, and elonga-

tion at break are reported.

RESULTS AND DISCUSSION

Characterization of BS and CNF

Benzylation of starch was confirmed by FT-IR analysis. In the

FT-IR spectra [Figure 2(a)] of starch and benzylated starch

(BS), the peak at about 3440 cm21 corresponds to the presence

of -OH groups. It is seen that the peak intensity corresponding

to these –OH groups largely decreased in the FT-IR spectrum of

BS indicating that a number of hydroxyl groups are diminished

by benzylation. In addition, in the FT-IR spectrum of BS, the

presence of the peaks at 700, 741, 1497, 1454, and 3030 cm21

corresponding to the aromatic ring further confirmed that ben-

zylation was occurred. Similar FT-IR characterization of BS was

also reported by Cao et al.9 In addition, the synthesized BS is

soluble in DMF (starch was insoluble in DMF).

Figure 2(b) shows AFM amplitude image of dried CNF from

diluted aqueous suspension. Cellulose is a linear polysaccharide

macromolecule. During mechanical fibrillation of cellulose pulp,

the fibrils and fibril aggregates are liberated by breaking of sev-

eral inter-fibrillar of hydrogen bonds. AFM image [Figure 2(b)]

obviously displays the existence of fibrillation with intercon-

nected web-like nanofibers having diameters from 10 to 60 nm,

as measured by using a cross-section of the height image.

Morphology of Blends and Nanocomposite

Fractured surfaces of neat PU, S-IPN blends, and S-IPN nano-

composite are presented in Figure 3. PU is the main phase in

all S-IPN blends and nanocomposite. Generally, the domain size

of BS dispersed in PU phase depends on the concentration of

BS in PU/BS S-IPN.9 When BS concentration is <20 wt % the

fractured surfaces of PU/BS S-IPN [Figure 3(b,c)] are almost

similar to that of neat PU; i.e., no phase separation was

observed, whereas at higher concentration of BS (>20 wt %) a

clear phase separation of PU and BS was observed [Figure 3(d),

which shows the interpenetrating network of PU and BS i.e.,

dual phase morphology]. Therefore, it can be assumed that the

PU and BS are completely miscible at lower concentration of BS

(<20 wt %). Figure 3(e) shows the micrograph of fracture

surfaces of PU63/BS27/CNF10 S-IPN nanocomposite in which

PU to BS ratio is 70/30. Although a clear phase separation of

PU and BS is seen in PU70/BS30 [Figure 3(d)], the presence of

CNF created heterogeneity, and the boundary of PU and BS

phases became unclear and undefined. This characteristic mor-

phology of the S-IPN nanocomposite can be attributed to the

fact that CNF are present in both PU and BS phases as well as

the presence of CNF in both phases improved the phase disper-

sion between PU and BS through the interface interaction

between PU-CNF and BS-CNF.

Gel Content and Swelling

The gel content and swelling behavior of neat PU, PU70/BS30,

and PU63/BS27/CNF10 films were studied in DMF. Gel is

formed when crosslinked between components of the blend

exists and gel is an indicator of network structure in the blend.

The gel content of the films was found to be 59, 83, and 85 wt

% for neat PU, PU70/BS30, and PU63/BS27/CNF10 films,

respectively. The higher gel content of PU70/BS30 compared

with PU indicated that during the extraction most of BS mole-

cules were entrapped within the PU network. Only the BS mol-

ecules which are weakly interacting with the PU were dissolved

in DMF.

The swell ratio of the films was also calculated. The swell ratios

were found to be 6.3, 8.5, and 4.4 for PU, PU70/BS30, and

PU63/BS27/CNF10, respectively. The higher value of swell ratio

of PU70/BS30 compared with the neat PU is perhaps because of

Figure 2. (a) FT-IR spectra of starch and BS, (b) AFM amplitude image of CNF deposited from aqueous suspensions. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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the lower crosslinking density of the PU network (which can

affect a-transition of PU) in S-IPN blend, whereas the lower

value of swell ratio of nanocomposite can be attributed to the

presence of CNF, which limit the diffusion of solvent molecules

within the material.40

Thermo Mechanical Properties

Figure 4 displays the storage moduli (E0) and tan d values

against temperature for the neat PU, S-IPN blends and nano-

composites. It is seen in Figure 4(a) that the storage modulus E0

of S-IPN blends is higher compared with the neat PU, particu-

larly, when BS concentration in the blend is >10 wt %. The val-

ues of E0 of S-IPN blends in the rubbery region increased with

increasing BS concentration. The E0 values can also be used to

calculate the filler effectiveness coefficient described as in the

following equation41:

CFE5 E0g=E0r

� �
comp

= E0g=E0r

� �
matrix

(2)

where E0g is the storage moduli in the glassy region and E0r is the

storage moduli in the rubbery region of polymer and compos-

ite. The lower value of CFE indicates the higher effectiveness of

fillers. The values of CFE reported in Table II were determined

by taking E0g and E0r values at 240 8C and 35 8C temperature,

respectively. The value of CFE indicated that BS and CNF are

effective fillers for PU.

Polymers miscibility can be studied by DMTA data analysis.42

The storage modulus of neat PU decreased steadily and largely

with increasing temperature. The change in the storage modulus

is relatively less for S-IPN materials compared with the neat

PU. The storage modulus curves of the S-IPN blends showed

two separate changes in the stiffness. The first one is below

10 8C, which is related to the a-relaxation of PU and the second

one is above 150 8C, which is linked with the a-relaxation of

BS. However, the E0 curve of PU90/BS10 steadily decreases like

pure PU which indicates that a higher degree of PU and BS

phase mixing in PU90/BS10 compared with the PU80/BS20 and

PU70/BS30. In addition, the PU/BS S-IPN with higher BS con-

tent displayed higher storage modulus which indicates that BS

increases the stiffness of the S-IPN.

The a-transition temperatures (Ta) of PU and BS are coded as

Ta1 and Ta2, respectively. Remarkably, Ta1 of PU of the PU/BS

films (1.9 8C for PU90/BS10) is lower than that of PU (6.8 8C)

and decreased with increasing BS concentration [Figure 4(c)].

Cao et al.9,43,44 also reported that many S-IPN materials based

on PU and natural polymer derivatives displayed a similar trend

i.e., Ta1 of PU decreases in S-IPN. This behavior can be

ascribed to the fact that BS act as plasticizer to PU as well as

the PU network cannot be completed because of the dilution

effect of BS. Accordingly, the crosslinking density of the PU net-

work decreases with increasing BS content. Thus, the chain

mobility of the PU is enhanced.45,46

Although the Ta1 of PU is decreased in S-IPN blends, Ta1 of

PU is increased [Figure 4(d)] markedly in nanocomposites. The

positive shifting of Ta1 in S-IPN nanocomposite is an indication

that CNF is dispersed in the PU. The positive shifting of Ta1

can be ascribed to the fact that the movement of PU molecules

Figure 3. SEM micrographs of (a) PU, (b) PU90/BS10, (c) PU80/BS20,

(d) PU70/BS30, and (e) PU63/BS27/CNF10.
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is restricted by the bond formation with hydroxyl groups of

CNF. The covalent bond formation between nanocellulose and

PU has also been reported by Pei et al. using FT-IR characteriza-

tion of film.23 Moreover, the width of tan d peak of PU63/BS27/

CNF10 nanocomposite (broadened compared with the corre-

sponding S-IPN) also indicates higher molecular relaxations in

the nanocomposite than that of neat PU and PU/BS S-IPN. It

can also be noticed that the S-IPN nanocomposite displayed two

Ta transitions at higher temperature, the first at about 160 8C,

which can be correlated to the Ta2 transitions of BS, and the

other at about 200 8C, which is probably because of some molec-

ular interaction among BS, PU, and CNF components.

Thermal Properties

Exemplary TA and DTA thermograms of the neat polymers (PU

and BS), polymer S-IPN (PU70/BS30) and its corresponding

nanocomposite S-IPN (PU63/BS27/CNF10), are shown in Fig-

ure 5(a,b), respectively. Detailed TA data up to 50 wt % of

decomposition are summarized in Table III. The DTA curve

(i.e., the temperature dependence of the degradation rate) of

neat PU in air displayed four stages of degradation showing

peaks in the region of 240–600 8C with maxima at 340 8C,

390 8C, 436 8C, and 521 8C. The first stage starting at 240 8C can

be ascribed to the degradation of urethane bond,47,48 and the

stages starting at 360 8C can be ascribed to the polyol decompo-

sition.49 Similarly, four stages thermal degradation behavior of

polyurethane prepared from palm-oil-based polyol were also

reported by Henryk et al.50 On the other hand, the DTA curve

of PU70/BS30 and PU63/BS27/CNF10 displayed three stages of

degradation showing maxima at 332 8C, 389 8C, 522 8C for

PU70/BS30 and 332 8C, 392 8C, 532 8C for PU63/BS27/CNF10,

respectively. Generally, polyol and isocyanate can form three

types of bonds by the reaction, namely normal urethane bonds,

biuret linkages, and allophanate linkages.51 Among these three

bonds, biuret and allophanate linkages are thermally less stable

because their complete thermal degradation can be reached at

Figure 4. Effect of temperature on the storage modulus (a,b) and on the tan d value (c,d) of PU, PU90/BS10, PU80/BS20, PU70/BS30, PU95/CNF5, and

PU63/BS27/CNF10. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Filler Effectiveness and a-Transition Temperature of PU and its

S-IPN Blends and Nanocomposites

Sample
Constant
(CFE) Ta1 (8C) Ta2 (8C)

PU 1.000 6.8 —

PU90/BS10 0.077 1.9 160

PU80/BS20 0.010 24.5 164.8

PU70/BS30 0.007 26.3 157.8

PU63/BS27/CNF10 0.008 21.8 159.6,
199.7

PU95/CNF5 0.146 10 —
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170–180 8C.47,52,53 Since, below 200 8C, no weight loss was

observed for the present synthesized PU, it can be concluded

that there is no significant number of biuret and allophanate

linkages in the present PU. Hence, the present PU exhibited

more thermal resistance than others reported in the litera-

ture.47,54 Similar high thermal resistance is also reported by

Chuayjuljit et al.49 after studying the thermal properties of PU

synthesized from palm-oil-based polyol and PMDI. However,

based on the TA traces (Table III), it can be concluded that S-

IPN materials of PU/BS with and without CNF exhibited inter-

mediate thermal resistance compared to pure components.

Mechanical Properties

Typical tensile test curves for PU and S-IPN of PU/BS with and

without CNF are shown in Figure 6(a). The S-IPN materials

displayed higher values of modulus and strength with respect to

neat PU. In Figure 6(b), the solid bars represent strength and

the patterned bars represent modulus of PU and S-IPN materi-

als. The S-IPN, with 20 wt % BS, both the tensile modulus and

strength are improved by about 2000% and 100%, respectively

(modulus: from 1.7 to 35 MPa and strength: from 1.7 to 3.4

MPa) compared with the neat PU. The material with 30 wt %

BS largely increased the tensile modulus and strength about

14000% and 188%, respectively (modulus: from 1.7 to 239 MPa

and strength: from 1.7 to 4.9 MPa). The improved modulus of

S-IPN material is because of the higher modulus of starch.

However, the enhancement in tensile strength of S-IPN can be

explained as under stress starch polymer chain impart to bear

load with PU chain. During synthesis of S-IPN, a part of starch

chain might be entrapped within the crosslinking structure of

PU and the probability of entrapping can also be increased by

Figure 5. (a) TGA and (b) DTA graphs of PU, BS, PU70/BS30 an, PU63/BS27/CNF10 nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table III. Temperature (8C) at Which Weight Loss Reached the Specified

Levels

Sample T1% T5% T10% T20% T50%

PU 241 301 321 341 391

BS 131 240 267 287 313

CNF 146 236 260 290 330

PU90/BS10 188 287 308 328 379

PU80/BS20 141 282 306 326 374

PU70/BS30 148 273 303 323 376

PU63/BS27/
CNF10

137 263 293 316 360

PU95/CNF5 230 290 313 336 390

*Weight loss % data in the table were calculated considering 100%
weight at 100 8C.

Figure 6. (a) Typical stress–strain curves, and (b) tensile modulus and

strength of PU, PU/BS S-IPN blends and their nanocomposites. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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the anchoring of benzylated part of starch chain molecule.

Thus, S-IPN material can have higher tensile strength.

Further, significant improvement in tensile modulus and

strength was observed in the S-IPN materials with the addition

of CNF [Figure 6(b)]. The S-IPN nanocomposite with 10 wt %

CNF (PU/BS ratio, 80/20) exhibited higher modulus and

strength (86 and 3.8 MPa, respectively) than that of its corre-

sponding S-IPN blend (35 and 3.4 MPa, respectively). Similarly,

the nanocomposite (PU/BS ratio 70/30) also exhibited higher

values of modulus and strength (312 and 6.4 MPa, respectively)

than that of its corresponding S-IPN blend (239 and 4.9 MPa,

respectively). This improvement in mechanical properties is

expected to be because of the semi-interpenetrating network of

PU and BS as well as the reinforcing effect of CNF. Although S-

IPN of PU/BS with and without CNF displayed higher values of

elastic modulus and strength compared with the neat PU, the

elongation at break decreased compared with the soft PU which

is also expected.

CONCLUSIONS

In this study S-IPN blends and nanocomposites with improved

properties were prepared using renewable low cost materials

such as palm-oil-based polyurethane, BS, and CNF isolated

from banana rachis waste. The S-IPN films were obtained by

mixing of BS (or blend of BS and CNF) with the prepolymers

(polyol and isocyanate) of PU followed by casting and curing

(network formation through the chemical reaction between pol-

yol and isocyanate).

SEM study showed that PU and BS were partially miscible at

lower concentration of BS. SEM study also showed that CNF

are present in both PU and BS phases in the nanocomposite as

well as the presence of CNF in both phases improved the phase

dispersion of PU and BS.

DMTA analysis demonstrated that the a-transition peak (tan d)

of PU in S-IPN-nanocomposite was affected by both BS and

CNF. The addition of BS decreased the tan d peak position

while the addition of CNF has opposite effect and it increased

the position. The positive shipment of tan d peak in nanocom-

posite also demonstrated that CNF were dispersed in both PU

and BS phases. The data also indicated that both BS and CNF

were effective reinforcement for PU.

Thermogravimetric analysis showed that S-IPN materials of PU/

BS with and without CNF had intermediate thermal resistance

compared with pure components.

Furthermore, the S-IPN of PU/BS with and without CNF had

higher values of tensile strength and modulus compared with

the neat PU. The values of tensile strength and modulus were

also increased by increasing BS content in the S-IPN materials

and the highest tensile strength and modulus were observed for

the S-IPN nanocomposite.
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