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Abstract A new biobased composite was developed by

adding soy flour (SF) to polypropylene (PP). This com-

posite shows an enhanced tensile strength and modulus but

decrease in elongation at break. The compatibilizer (cou-

pling agent) appears to have a synergistic effect on tensile

strength. The presence of the compatibilizer improves the

dispersion of SF in the PP matrix. The addition of glycerol

plasticizer to the composite improves the processability

resulting in improved performance, as compared to com-

posites without glycerol plasticizer. The optimal

compatibilizer content appears to be 6%.

Introduction

The development of biobased plastics has been of consid-

erable interest for the past three decades. The development

of these plastics has been triggered by the emphasis on

solid waste management and environmental concerns.

Polyolefins, especially polyethylene and polypropylene

(PP), are used extensively for various applications. How-

ever, post-consumption disposal of these materials has

posed a serious threat to the environment owing to their

non-degradability. Bacterial polyesters like polyhydroxy

alkaonates are possible alternatives to polyolefins but their

high cost limits their use. Therefore, a possible solution is

to blend synthetic polymers with renewable materials from

the agricultural feedstocks.

Soy flour (SF) is an inexpensive, abundantly available,

and renewable resource, which can be incorporated as a

potential biobased component in polyolefins like polypro-

pylene. Soy-based plastics have been in vogue for quite

sometime to represent the family of green plastics [1].

However, owing to their inferior mechanical properties,

they have not been commercialized. There have been a few

studies [2–5] to improve the mechanical properties of soy

plastics by reinforcement with cellulose powder, Indian

grass fiber, and pineapple leaf fiber. These reinforcements

improved the mechanical properties to an extent, which

was further enhanced by adding a compatibilizer. It was

observed that, although, the tensile and flexural strength

increased, there was no improvement in impact strength

[6–8]. The use of green composites including the soy-based

plastics has been summarized in a review [9]. The addition

of a compatibilizer has been observed to improve the

interfacial adhesion between the biopolymer and the syn-

thetic polymer [10]. Addition of toluene diisocyanate

compatibilizer to a blend of soy protein with polycapro-

lactone resulted in improved water resistance and tensile

strength [11]. Similar improvements in tensile properties

were observed when glutaraldehyde was added as a

compatibilizer [12].

The modification of SF by adding a plasticizer or a

crosslinker has been found to be beneficial. Thus, cross-

linkers such as formaldehyde, ethylene glycol diglycidyl

ether, glyoxal [13–15],or plasticizers like glycerol and

acetamide exhibited better mechanical properties than their

unmodified counterparts [16, 17]. It was shown [18] that
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soy protein modified by thiosemicarbazide could be used

for developing molded products.

Soy flour is cost effective and is comparable with other

forms of soy protein [4]. However, to the best of our

knowledge, no studies have been reported on the blends of

SF with polypropylene. In this study, we have developed

two blends, namely soy flour-PP (SF-PP) and plasticized

(by glycerol) soy flour-PP (PSF-PP) and investigated its

mechanical, thermal, and ageing properties In addition, we

have also examined the use of a compatibilizer in these

composites and investigated the properties of this material.

Experimental

Synthesis of compatibilizer and PSF

Polypropylene (24FS040) with melt flow index of 10 g

(10 min)–1 from Reliance Petrochemicals was used. Soy

flour was obtained locally. Maleic anhydride-grafted

polypropylene (MAPP) was synthesized [19] by grafting

maleic anhydride and benzoyl peroxide as initiator onto

polypropylene by solution polymerization in xylene at

120 �C. The grafted product was subjected to Soxhlet

extraction for 15 h to remove the unreacted maleic anhy-

dride. The grafting percentage, as suggested by Gaylord

and Mehta [19], was 1.2%. The FTIR spectra in Fig. 1

shows the characteristic –C=O– bond at 1710 cm–1. Plas-

ticized soy flour (PSF) was prepared by mixing 48% of SF

with 33% glycerol and 19% distilled water for 1 h and then

heated at 70 �C in a constant temperature water bath. The

resulting PSF was stored in polyethylene bags in the

refrigerator.

Blend preparation

Two types of blends were prepared, namely, PP-SF and

PP-PSF. The blend components were prepared by melt

mixing at 210 �C in a locally fabricated kinetic mixer where

small quantities can be used. Dumbbells-shaped specimens

were then molded as per ASTM specifications into standard

dies supplied with the Mimimax molder (Custom Scientific

Instruments, New Jersey, USA, Model CS-183MMX). The

amount of compatibilizer added is expressed as the weight

percent of SF. These dumbbell specimens were then sub-

jected to impact and tensile tests using Minimax testing units.

Mechanical properties of the blend

A Minimax impact (Model CS-183T1079) and tensile

tester (model CS-183TTE) (custom Scientific Instruments,

NJ, USA) was used to measure (unnotched) impact

strength and tensile properties, respectively. At least eight

specimens were tested for each variation in the composi-

tion of the blend. The impact and tensile tests were

performed as per ASTM D1822 and ASTM D1708 meth-

ods, respectively. The strain rate used for all tensile

measurements is 10 mm/min.

Thermal analysis

Thermogravimetric analysis (TGA) was carried out for the

SF as well as for the blends using Perkin-Elmer Pyris

Diamond 6000 analyzer in nitrogen atmosphere. The

sample was subjected to a heating rate of 10 �C/min in the

heating range of 40–600 �C using Al2O3 as the reference

material. Differential Scanning Calorimetry (DSC) of the

blend specimens was performed in a Mettler Toledo DSC

822e model. Samples were placed in sealed aluminum cells

using a quantity less than 10 mg and scanned at a heating

rate of 10 �C/min from 25 to 200 �C.

Blend morphology

Scanning electron microscope (SEM) (JEOL, JSM-840 a

microscope) was used to study the morphology of fractured

and unfractured specimens. The specimens were gold

sputtered prior to microcopy (JEOL, SM-1100E). The

morphology of the unfractured blend specimens was taken

after soaking the samples for 48 h in water at 80 �C.

Results and discussion

Soy flour has been incorporated as biobased filler in PP/SF

composites. In order to improve the processability of the
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blend, glycerol has been added as a plasticizer to these

blends.

Relative impact strength (RIS)

Figure 2 shows that impact strength vs. compatibilizer

percentage for PP/SF and PP/PSF blends. PP/PSF blends

exhibit better impact strength than the PP/SF blends

although in both cases, the impact strength reduces as SF/

PSF loading increases. The impact strength (energy

absorbed per unit area of cross section) of pure PP is

1.2 · 102 kJ/m2. For PP/PSF blends, the impact strength is

nearly 80% of neat PP on adding 9% of MAPP compati-

bilizer. However, compatibilized PP/SF blends attain only

70% (of PP) impact strength values with 40% SF loading.

For higher i.e., 50% SF content, there is no significant

improvement even after adding MAPP. For PP/SF blends,

the impact strength attains an optimal value with 6%

compatibilizer.

Stress–strain behavior

Figure 3(a) and (b) shows the engineering stress–strain

curves for PP/SF and PP/PSF blends, respectively. The

stress–strain curve for pure PP (curve (a)) is also given in

the figures for the sake of comparison. In Fig. 3(a), the

addition of 20% SF (curve (b)) drastically reduces stress

and strain and the blend exhibits the typical brittle

behavior. Addition of compatibilizer to this blend does not

improve the ductility (curve (c)) but the ultimate strength is

almost at par with that of neat PP. For higher SF loading of

40% the uncompatibilized blend (curve (d)) exhibits brit-

tleness while its compatibilized counterpart (curve (e)) is

even more brittle but shows an improvement in ultimate

strength. In Fig. 3(b), the uncompatibilized blend with 20%

PSF loading (curve (b)) shows a drastic reduction in strain

although there is no significant reduction in strength. The

compatibilized blend shown in curve (c) shows consider-

able improvement in elongation. In most of the polymer/

filler systems there is usually a trade off between

improvements in ductility or ultimate strength on compat-

ibilization. In this case too, the ductility does not improve

on compatibilization. However, an increase in PSF loading

to 40% shows a reverse behavior. The uncompatibilized

blend (curve (d)) has lower strength and better ductility

than compatibilized blend (curve (e)), which is character-

ized by higher strength and slightly lowered ductility. Soy

flour consists of polar and non-polar side chains. This leads

to hydrogen bonding, dipole–dipole interactions that

restrict the mobility of the chain segments. Addition of

glycerol plasticizer eases these intra and intermolecular

interactions, thereby improving the processability of the

PP/PSF blends.

Relative tensile strength

Figure 4(a) and (b) shows the variation of the relative

tensile strength (RTS) vs. percent compatibilizer for dif-

ferent SF and PSF loadings (tensile strength of pure PP is

23 MPa). Addition of SF/PSF to PP did not significantly

affect the tensile strength of PP up to 40% loading. For

50% SF/PSF loading, the tensile strength slightly reduced

but on adding MAPP compatibilizer, the tensile strength is

90% (of PP) in PP/SF blends and 97% (of PP) in PP/PSF

blends. Soy flour contains amine and hydroxyl groups

which are compatible with the carboxyl group of maleic

anhydride, i.e., MAPP. The possible reaction scheme is

given in Fig. 4(c). However, on adding compatibilizer, the

tensile strength values do not significantly exceed that of
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pure PP. The other biobased fillers used in our previous

study i.e. starch, wood pulp, and lignin [9–11] showed

drastic reduction in tensile strength with increasing filler

content which is not so in the case of SF. This suggests that

high loadings of SF/PSF are possible without affecting the

tensile strength and at the same time impart biodegrad-

ability to PP. The tensile strength values for PP/PSF blends

were higher than PP/SF blends.

Figure 5 shows SEM micrographs for the fractured

section of the specimens. Figure 5(a) and (b) shows the

fracture section morphology for uncompatibilized and

compatibilized blends with 20% PSF loading. Figure 5(a)

shows extensive cavitation and crazing while Fig. 5(b)

exhibits extensive shearing with short fibrils accompanied

by cavitation of SF particles. Extensive shearing with large

holes due to debonding of SF is observed for uncompati-

bilized blend with 50% PSF loadings (Fig. 5c). Shearing

and cavitation absorb large amount of energy thereby

leading to high tensile strength of the material. The com-

patibilized counterpart shown in Fig. 5(d) shows shearing

and comparatively smaller holes left by SF owing to better

dispersion of SF facilitated by compatibilizer with addition

of MAPP. For PP/SF blend with 20% SF loadings, the

SEM micrograph (Fig. 5e) shows brittle fracture and larger

holes. The compatibilized blend exhibits a quasi-brittle

fracture characterized by short fibrils and smaller holes left

by cavitations of SF (Fig. 5f). The PP/PSF blends show

more ductility than PP/SF blends and this thereby, leads to

better mechanical properties. Glycerol as plasticizers

imparts flexibility and thermoplasticity to SF and thereby

eases the processability of the blend.

Relative tensile modulus

The plots of relative tensile modulus (RYM) vs. compati-

bilizer percentage for PP/SF and PP/PSF blends are shown

in Fig. 6(a) and(b), respectively (tensile modulus of pure

PP is 0.27 GPa). For PP/SF blends (Fig. 6a), the tensile

modulus increases as SF loading increases due to rigidity

of SF chains. Compatibilization with MAPP reduces the

modulus values due to interface effects. A similar trend is

also observed for PP/PSF blends as shown in Fig. 6(b).

Relative elongation at break

Figure 7(a) and (b) shows a plot of relative elongation at

break (REB) vs. compatibilizer percentage for PP/SF and

PP/PSF blends respectively (elongation at break for neat PP

is 300%). PP/SF and PP/PSF blends, the REB values are

reduced drastically as SF loading increases. Addition of

compatbilizer marginally improves the elongation at break

values. The REB values for PP/PSF blends were higher

than PP/SF. For 20% PSF loading, the REB values

increased for 0.43 to 0.74, i.e., 74% of that of pure PP as

shown in Fig 7(b). For higher PSF loadings there is no

significant improvement in elongation at break.

Blend morphology (surface section)

Figure 8 shows the blend surface section morphology of

PP/PSF blends. The SEM micrograph of uncompatibilized

PP/PSF blend with 20% PSF loading is shown in Fig 8(a).

This is characterized by larger holes and plane surface. The

compatibilized specimens (Fig. 8b) shows a coarser sur-

face owing to compatibilization. This feature is more

prominent for higher, i.e., 40% PSF loading as shown in

Fig. 8(c). The larger holes left by agglomerated PSF par-

ticles owing to lack of compatibility between hydrophilic

polar PSF and hydrophobic non-polar PP. The compatibi-

lized specimen counterpart shown in Fig. 8(d) shows
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smaller holes indicating good dispersion. A similar obser-

vation is seen in Fig. 8(e) and (f) for PP/SF blends. The

uncompatibilized composite specimen shows holes due to

removal of SF particles in Fig. 8(e). The compatibilized

specimen on the other hand shows an interlocked surface

indicating some resistance to the removal of SF from the

blend (Fig. 8f).

Effect of SF content

Figure 9(a–c) shows the effect of SF/PSF content on the

mechanical properties of SF/PP and PSF/PP composites.

Figure 9(a) shows the RTS value vs. SF or PSF loading

from 20% to 50%. However, PSF/PP composites exhibit

higher impact strength values than SF/PP blends. The

compatibilized SF/PP and PSF/PP blends exhibit higher

RTS values with 6% and 9% compatibilizer, respectively.

A similar trend is observed for relative tensile strength

values as shown in Fig. 9(d). It is interesting to note that a

loading of 50% SF or PSF to PP does not drastically affect

the tensile strength of these composites, although com-

patibilization improves the tensile strength to values

slightly higher than neat PP. Three mathematical models

have been used to predict tensile strength for PP/SF blends.

One of them is the Nicolais and Narkis model [20]

RTS ¼ rb

rPP
¼ 1� 1:21/2=3

f ð1Þ

In the above equation rb and rPP are the tensile strength

values for blend and neat PP, respectively. /f is the volume

fraction of SF. The volume fractions have been calculated

as suggested by Willett [20] given in equation below

/i ¼
Wi=qiP

Wi=qi

ð2Þ

In the above equation qi and Wi are the density and weight

fraction of component i in the blend. The density values of

PP have been taken to be 0.97 g/cm3 and that of SF has

been measured to be 1.21 g/cm3, respectively. The calcu-

lated values from Eq. 2 are much lower than experimental

values (not shown). This model assumes no interaction

between matrix and filler. Hence, it is not surprising that

this model does not explain our results. This is due to the

use of compatibilizer to promote interaction between the

filler and matrix. Further, there may be mechanical bonding

due to the amorphous dispersed phase being compressed by

the matrix crystalline phase [21].
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The second model [22] is adapted from Halpin–Tsai

equation for modulus and is given by

RTS ¼ rb

rPP
¼

1þ GgT/f

1� gT/f

ð3Þ

where gT is given by,

gT ¼
RT � 1

RT þ G
ð4Þ

where RT is the ratio of filler tensile strength to tensile

strength of PP (unfilled). G is constant given in Eq. 5 below

G ¼ 7� 5t
8� 10t

ð5Þ

In Eq. 5, t is the Poisson’s ratio of PP and is taken to be

0.35. The RT values calculated to match the experimental

data has been found to be 0.9. Figure 9(a) shows the the-

oretical values obtained from Eq. 2. It can be seen from

Fig. 9(a) that the theoretical values are close to the

experimental values indicating good interactions between

the blend compounds.

The model of Turcsanyi [22] discusses the composition

dependence using the following empirical equation:

RTS ¼
1� /f

1þ 2:5 /f

expðB/f Þ ð6Þ

In the above equation the parameter B, depends on inter-

facial properties. B was determined to match the

experimental results by trial and error. B was found to be

2.9, which suggests improved adhesion [22].

It is interesting to note that both modified Halpin–Tsai

and Turcsanyi model predictions are close to each other.

The observed experimental results are also in the close

vicinity of the predicted results indicating good adhesion

between the matrix and filler. Further, the tensile strength

values of PSF-PP blends are above the theoretical line

while in the case of SF-PP blends, the values are lower than

the theoretical values for SF loadings beyond.

The tensile modulus for SF/PP and PSF/PP blends

increases as SF or PSF content increases (Fig. 9(b)).

Addition of 6% and 9% compatibilizer improves the dis-

persion of SF or PSF in PP. This increase in modulus may

Fig. 8 SEM photographs for

blend morphology (surface

section): (a) 20% PSF loading

and C = 0% (no

compatibilizer), (b) 20% PSF

loading and C = 6%, (c) 40%

PSF and C = 0% (no

compatibilizer), (d) 40% PSF

and C = 6%, (e) 40% SF and

C = 0%, and (f) 40% SF and

C = 6%
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be due to the rigidity in sugar and protein chains in SF. A

comparison is made between two models for the prediction

of modulus for PP/SF blends. One of them is the Kerner’s

model [20],

RYM ¼ Eb

EPP
¼ 1 þ

/f

1� /f

 !
15ð1� tÞ
ð8� 10tÞ

� �" #

ð7Þ

In the above equation, Eb and EPP are the tensile modulus

values for the blend and pure PP, respectively. The

experimental data does not match with the theoretical data

as shown in Fig. 9(b). In this model poor bonding between

the filler and matrix is assumed. This suggests that some

adhesion exists between SF and PP.

The other model is the modified Halpin–Tsai model for

RYM given in Eq. 8 below [20],

RYM ¼ Eb

EPP
¼

1þ Ggm/f

1� gm/f

" #

ð8Þ

where

gm ¼
Rm � 1

Rm þ G
ð9Þ

where G is same as in Eq. 6, Rm is the ratio of filler

modulus to matrix modulus, i.e., modulus of PP. The Rm

value has been found by trial and error to match the

experimental results that has been found to be 6. The

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
el

at
iv

e 
te

ns
ile

 s
tr

en
gt

h

R
el

at
iv

e 
te

ns
ile

 s
tr

en
gt

h
R

el
at

iv
e 

te
ns

ile
 s

tr
en

gt
h

SF(0% Compatibilizer) PSF(0% Compatibilizer)
SF(6% Compatibilizer) PSF(6% Compatibilizer)
SF(9% Compatibilizer) PSF(9% Compatibilizer)
Halpin-Tsai(0% Compatibilizer) Halpin-Tsai(6% Compatibilizer)
Halpin-Tsai(9% Compatibilizer) Turesanyi(0% Compatibilizer)
Turesanyi(6% Compatibilizer) Turesanyi(9% compatibilizer)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

SF(0% Compatibilizer) PSF(0% Compatibilizer)

SF(6% Compatibilizer) PSF(6% Compatibilizer)

SF(9% Compatibilizer) PSF(9% Compatibilizer)

Halpin-Tsai(0% Compatibilizer) Halpin-Tsai(6% Compatibilizer)

Halpin-Tsai(9% Compatibilizer) Turesanyi(0% Compatibilizer)

Turesanyi(6% Compatibilizer) Turesanyi(9% compatibilizer)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

R
el

at
iv

e 
te

ns
ile

 m
od

ul
us

SF(0 % Compatibilizer) PSF(0% Compatibilizer)
SF(6% Compatibilizer) PSF(6% Compatibilizer)
SF(9% Compatibilizer) PSF(9% Compatibilizer)
Halpin-Tsai(0% Compatibilizer) Halpin-Tsai(6% Compatibilizer)
Halpin-Tsai(9% Compatibilizer) Kerner(0% Compatibilizer)
Kerner(6% Compatibilizer) Kerner(9% Compatibilizer)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0

% SF and PSF
SF(0% Compatibilizer) PSF(0% Compatibilizer)

SF(6% Compatibilizer) PSF(6% Compatibilizer)

SF(9% Compatibilizer) PSF(9% Compatibilizer)

Nielsen(0% compat for SF) Nielsen(6% Compatibilizer)

Nielsen(9% Compatibilizer)

10 20 30 40 50

0

% SF and PSF

10 20 30 40 500

% SF and PSF

10 20 30 40 50

0

% SF and PSF

10 20 30 40 50 60

(a) (b)

(c)

(d)

Fig. 9 The variation of the (a) Relative impact strength, (b) Relative tensile strength, (c) Relative tensile modulus, and (d) Relative elongation at

break with SF or PSF content
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experimental values are higher than what the model pre-

dicts and obtained values are probably due to interfacial

effects.

SF or PSF loading has a drastic effect on REB as

observed in Fig. 9(c). The REB values reduce to less than

0.2 (i.e., 20% of neat PP). Further, compatibilization

marginally improves elongation at break.

The Nielsen’s model [20] for perfect adhesion calculates

the REB values as per Eq. 10 below

REB ¼ eb

ePP
¼ 1� k /

1=3

f

� �
ð10Þ

where eb and ePP are elongation at break values for the

blend and neat PP, respectively. In Eq. 10, k is an adjust-

able parameter, which depends on filler geometry. The k

value has been found to be 0.98. The experimental values

are lower than predicted values, which suggest that the

adhesion between filler and matrix is weak as perfect

adhesion in heterogeneous blends is not possible as shown

in Fig. 9(c).

Thermal ageing

The samples were soaked in 1(N) NaOH solution at 70 �C

for 8 days and the weight loss percentage for compatibi-

lized and uncompatibilized specimens has been evaluated

as shown in Fig. 10(a) and (b) for PP/SF and PP/PSF

composites, respectively. In Fig. 10(a), the compatibilized

blends showed a slightly higher weight loss percentage as

compared to uncompatibilized blends. However, in either

case, the % weight loss increases as SF content increases.

The PP/PSF blends show a higher weight loss than PP/

SF blends as shown in Fig. 10(b) although the trend is

similar to Fig. 10(a).

Thermogravimetric analysis

Figure 11(a) shows the TGA/DTG curves for PP/SF

blends. Pure SF (curve (a)) undergoes thermal decompo-

sition at 312 �C in a single stage with a large amount of
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Fig. 10 Thermal ageing for (a) PP/SF and (b) PP/PSF composites

Fig. 11 TGA/DTG Thermograms for (a) PP/SF and (b) PP/PSF

composites (C = 0% denotes that no compatibilizer has been added to

the blend)
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char content [23]. For 20% SF loading (no compatibilizer),

the TGA curves shows a two-stage (curve (b)) degradation

with a, broad peak at 313 �C for SF due to the cleavage of

glucoside units while breakage of –C–C– backbone takes

place at 463 �C. The compatibilized counterpart shown in

curve (c) shows a slight lowering of degradation temper-

atures accompanied by higher weight loss indicating better

interaction between the blend components. The effect of

compatibilizer is more pronounced at higher SF loading,

i.e., 40% as shown in curves (d) and (e). The uncompati-

bilized blend (curve (d)) shows two-stage degradation with

final char content of 30%. The compatibilized blend (curve

(e)) shows only 2% char content.

Figure 11(b) shows the TGA/DTG curves for PSF/PP

blends. All the blends (curves (a) to (e)) show a three-stage

degradation. The first stage around 155 �C is due to the

decomposition of glycerol plasticizer. The second stage at

310 �C due to decomposition of SF while the third stage at

460 �C is attributed to PP degradation. The trend is similar

to SF/PP blends.

Activation energy

Thermo gravimetric analysis data (TGA) is used to deter-

mine the kinetic parameters of the pure sample and blends.

The reaction mechanism is assessed by the activation

energy of the decomposition of blends and pure sample.

The rate equation [24, 25], expresses the rate of conversion

at a constant temperature as a function of the loss of

reactant concentration and rate coefficient

ln
dx

dt

� �

¼ ln Aþ n lnð1� xÞ � Ea

RT
ð11Þ

where x is fractional conversion, A is the frequency factor

and Ea is the activation energy. The parameter R, T, and n

represent the universal gas constant, temperature in K, and

the order of reaction, respectively. Friedman’s analysis

based on Eq. 11 suggests that the activation energy can be

directly obtained from the slope of linearly regressed line

of ln(dx/dt) vs. 1/T. According to Kissinger method [26],

which is also recommended by ASTM [27], the activation

energy is obtained from the slope of linearly regressed line

of ln(b/Tp
2) vs. inverse of Tp where Tp represents the peak of

decomposition temperature and b represents the heating

rate.

The above two methods were used to calculate the

activation energies of degradation. The activation energy

obtained by Friedman’s technique by plotting ln(dx/dt) vs.

1/T is 77 kJ/mol (Fig. 12(a)) and it is comparable to the

activation energy of 78 kJ/mol by Kissinger method

(Fig. 12(d)).

Figure 12(a) shows linearly regressed lines corre-

sponding to dynamic experiments carried out at different

heating rates: 5, 10, 15, 20, 25 �C/min for SF. These

decomposition processes are a single-stage decomposition

reaction. The degradation temperature rises with increasing

of the heating rate. The activation energy values for blends
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Fig. 12 (a) Differential weight

loss vs. reciprocal temperature
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rates to determine the activation

energy of SF, (b) Activation

energy for SF obtained by

Friedman’s method, (c)

Activation energy for PSF

obtained by Friedman’s method,

and (d) Activation energy by

Kissinger’s method based on

peak temperature and heating

rate to determine the activation

energy of SF
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obtained are shown in Table 1. It shows that there is sig-

nificant change in the activation energy values between

pure sample and uncompatibilized blends (Fig. 12(b)) and

compatibilized blends (Fig 12(c)), whereas the blends

without compatibilizer shows higher values than the pure

samples and plasticized or with compatibilizer blends. This

indicates that the compatibilized blends need lower energy

and are less thermally stable compared to uncompatibilized

blends but more stable than the pure samples. The addition

of SF reduces the activation energy of the blends, which

further decrease on compatibilization owing to better

interfacial interactions between the two phases.

Conclusions

A biobased composite of polypropylene with SF was

developed. The use of biobased material is expected to

promote biodegradability. These composites (containing up

to 50% SF) have been characterized for various mechanical

and thermal degradation properties. Models were used to

determine the various parameters from the experimental

data. The effect of plasticizer and compatibilizer was also

examined. The use of glycerol as plasticizer improves the

processability of the composite and the impact, tensile

strength, modulus, and elongation at break. The use of

maleic anhydride as a compatibilizer improved modulus of

the composite but decreased the tensile and impact strength

and ductility. An attempt was made to optimize the

mechanical properties by a combination of PSF and com-

patibilizer content. For instance, composites containing up

to 40% PSF and 6% compatibilizer have a tensile strength

nearly equal to that of PP but has a higher modulus than PP

and a 25% reduced impact strength. To retain ductility at

75% of PP level, PSF must be restricted to 20% and

compatibilizer used to 9% of PSF content. The thermal

degradation studies indicate that the addition of SF reduces

the activation energy of the blends and these activation

energies are further reduced for compatibilized composites.
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(kJ/mol)

Pure Soy flour 77

PP-40% SF 256 117

PP-20% SF 247 219

PP-40% PSF 235 216
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PP 285

74 J Mater Sci (2008) 43:64–74

123


	Effect of compatibilization on mechanical and thermal properties of polypropylene-soy flour composites
	Abstract
	Introduction
	Experimental
	Synthesis of compatibilizer and PSF
	Blend preparation
	Mechanical properties of the blend
	Thermal analysis
	Blend morphology

	Results and discussion
	Relative impact strength (RIS)
	Stress-strain behavior
	Relative tensile strength
	Relative tensile modulus
	Relative elongation at break
	Blend morphology (surface section)
	Effect of SF content
	Thermal ageing
	Thermogravimetric analysis
	Activation energy

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


