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ABSTRACT: Response surface methodology (RSM) was
used to analyze the effect of different additives glycerol
level (X1) and plasticizer level (X2) on the objective
(water solubility index, water absorption index, and
Max. loading) attributes of a cornstarch/PHBV blended
composite. A rotatable central-composite design (CCD)
was used to develop models for the objective responses.
The experiments were run at barrels temperatures 160,
160, 165, and 165�C, respectively, with screw speed 40
rpm and complete feeding (filling ratio ¼ 1). Responses
were most affected by changes in plasticizer level (X2)
and to a lesser extent by glycerol level (X1). Individual

contour plots of the different responses were overlaid,
and regions meeting the predicted optimum water solu-
bility index of 4.34%, water absorption index of 4.55 g
gel/g dry wt, and Max. loading of 370.06 N were identi-
fied at the plasticizer level of 21.06 g, and the glycerol
level of 96.11 mL, respectively. These predicted values
for optimum process conditions were in good agreement
with experimental data. VC 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 119: 1797–1804, 2011

Key words: plasticizer; glycerol; corn starch; poly
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INTRODUCTION

Huge amounts of generated waste have made acquir-
ing sufficient areas for landfill sites more difficult.
Lack of capacity of waste landfills has become a seri-
ous problem, especially in urban areas, and effective
reduction or decomposition of waste is now necessary
to secure adequate landfill capacity. Among several
compounds in waste landfill sites, plastics are esti-
mated to make up � 20–30% of the volume of munici-
pal solid waste landfill sites.1 Because plastics are
recalcitrant to microbial degradation, they would
remain in landfill sites semipermanently. Plastic
waste is recognized as one of the most troublesome
categories of waste, and disposal of plastic waste has
been blamed for shortening the life of landfill sites. In
response to this problem of plastic waste in landfills,
biodegradable plastics (BPs), which have been
designed to be easily degraded by microorganisms
and to be absorbed by the natural environment or by
waste landfills, are gaining public endorsement as a
possible alternative to petroleum-derived plastic.

Poly(hydroxyl alkanoates), or PHAs, have received
considerable attention in recent years as biodegrad-
able alternatives to synthetic thermoplastics Copoly-
mers of hydroxybutyrate and hydroxyvalerate, com-
monly referred to as PHBVs, have been produced
and marketed by Zeneca Biopolymers. Because of
the high cost of PHBV relative to commodity ther-
moconsiderable attention in recent years as biode-
gradable-plastics, various attempts have been made
to incorporate starch and other low-cost components
into PHBV-based composites.2–7 Starch is an attrac-
tive filler for PHBV because of its low cost and in-
herent biodegradability.
The use of starch in PHBV composites is hampered

by the low degree of adhesion between the starch
granules and the polymer matrix. The resulting loss
in tensile strength and elongation compared to the
unfilled polymer limits the maximum amount of
starch which can be incorporated.3,6 Shogren has
shown that precoating the starch with polyethylene
oxide (PEO) improves tensile strength and elongation,
presumably due to improved adhesion from PEO-
PHBV interactions.4 Kotnis et al. showed that the
degree of adhesion between starch granules and
PHBV was poor but could be mitigated via appropri-
ate formulation and processing techniques to obtain
materials with commercially useful properties.5
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Another approach to improving adhesion between
starch filler and PHBV is by grafting a functional
monomer onto the starch. Starch graft copolymers
have been extensively studied and are easily pre-
pared by free radical polymerization with unsatu-
rated monomers.8 On the other hand, the external
plasticization is more efficient to apply to polymers
because it could provide a relatively simple route to
improve some mechanical properties of polymer as
well as to lower costs. However, plasticizers for bio-
degradable polymers should preferably also be bio-
degradable. In this respect, most of the plasticizers
used in synthetic polymer processing are not suita-
ble for PHB.

The effectiveness of response surface methodology
(RSM) in the development and optimization of ce-
real products has been highlighted by different
authors.9–13 The basic principle of RSM is to relate
product properties of regression equations that
describe interrelations between input parameters
and product properties. Some of the good examples
of appropriate applications of this technique in food
extrusion are the optimization of complex products
or properties or of many process variables.14

In this study, investigations were undertaken to
formulate a plasticizer level (X2) and glycerol level
(X1) additive based cornstarch/PHBV blended
composite by extrusion technology. The well-estab-
lished functional properties of plasticizer act as a
good destructuring-plasticizing agent as well as
the glycerol.15,16 The objective of this study was to
optimize the formulation of raw compositions, i.e.,
plasticizer level (X2) and glycerol level (X1) for
production of a cornstarch/PHBV blended compos-
ite by RSM.

MATERIALS AND METHODS

Materials

Corn starch (a white fine powder with 10 wt %
moisture content containing 30 wt % amylase and 70
wt % amyl pectin) was obtained from the Hong Chi
Company Limited, Taiwan, R.O.C. Poly(b-hydroxy-
butyrate-co-valerate) (PHBV), [Y1000, D300P (5%
HV), from Chinese Tianan Biology Material Com-
pany Limited] was purchased from the Ming Guan
Instrument Company Limited, Taiwan, R.O.C.
Triethyl citrate (TEC) were used as biodegradable
plasticizer for PHBV from Sigma Chemical, St.
Louis, MO. Glycerol (AR grade) was obtained from
Sigma Chemical, St. Louis, MO.

Extruder

A single-screw extruder made by Yea Jing Machinery
(Taiwan, ROC) with screw compression ratio 2.8, w ¼

2.8, L/D ¼ 32 was used. Electrical resistive heater
(220 V, 1700 W) heated the temperature zone at die.
A single screw volumetric feeder fed the formulas
(Table I). A 19.1 mm � 2.93 mm rectangular-shaped
single hole die was used to give continuous extru-
dates. The experiments were run at barrels tempera-
tures 160, 160, 165, and 165�C with a feed rate
25 g min�1, and screw speed 40 rpm.

Experimental design

This study is based on the hypothesis that water sol-
ubility index, water absorption index, and Max.
loading are functionally related to specific composi-
tion, and attempts to fit multiple-regression equa-
tions describing quality composition responses.17,18

Table I lists the levels and levels of the RSM design
with different plasticizer and glycerol levels.
Water absorption index (WAI) and water solubil-

ity index (WSI) were measured using a technique
developed for cereals.19 The ground extrudates was
suspended in water at room temperature for 30 min,
gently stirred during this period, and then centri-
fuged at 3000 � g for 15 min. The supernatant was
decanted into an evaporating dish of known weight.
The WSI is the weight of dry solids in the superna-
tant expressed as a percentage of the original weight
of sample. The WAI is the weight of gel obtained af-
ter removal of the supernatant per unit weight of
original dry solids. Determinations were made in
triplicate.
Max. loading were carried out on the tension test

specimens. About 5 mm min�1 was used for the bio-
degradable plastics, and the tests were carried out in
conformity with ISO 294, ISO 527 (TS 1396) and TS
720.20–22 The tests were carried out at least five times
for each specimen and the results were averaged
arithmetically.

TABLE I
Coded and Actual Levels for the Independent Variables

Treatments

Coded Actual

X1 X2
Glycerol
level (mL)

TEC
level (g)

1 �1 �1 80 10
2 �1 1 80 40
3 1 �1 110 10
4 1 1 110 40
5 0 �1.414 95 3.79
6 0 1.414 95 46.21
7 �1.414 0 73.79 25
8 1.414 0 116.21 25
9 0 0 95 25
10 0 0 95 25
11 0 0 95 25
12 0 0 95 25
13 0 0 95 25
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The design is depended upon the symmetrical
selection of variation increments about the center
composition. These levels of variation were chosen
to be within the range of reasonable formulations,
and the increments were carefully selected, since
interpretation of the results was valid only within
the experimental limits.17,18 The levels selected
were also based on the conclusions of a previous
study,23–27 which are important for cornstarch/
PHBV blended composite. Whereas, the optimum
processing variables for each response did not fall
exactly in the same region as in the two dimen-
sional space formed by the compositions levels.
Moreover, those constraints were set such that all
responses (water solubility index, water absorption
index, and Max. loading) met their optimum ac-
ceptable region with the same composition levels.
Therefore, it was assumed that a water solubility
index should be more than 4.2 but less than 4.5,
water absorption index more than 4.4 but less
than 4.5, and Max. loading should be more than
360 but less than 380N.

The increments of variation for each variable
spaced around the center point levels, along with
the responses are presented in Table II. Feed compo-
sitions were coded for solutions of the multiple
regression (prediction) equations.17,18

A central composite design (CCD) (Table II)
was adopted.17,18 In this design, for two varia-
bles, the size of the experiment was reduced by
using the 2k, factorial (22), thus making the total
number of experiments equal to 13 instead of 50
with full factorial design.17,18 Experiments were
randomized to minimize the effects of unex-
plained variability in the observed responses
due to external factors. The function was
assumed to be approximated by a second-degree
polynomial equation:

Yk ¼ bk0 þ
X2

i¼1

bkiXi þ
X2

i¼1

biiX
2
i þ

X2

i 6¼j¼1

bkijXiXj (1)

where bk0 was the value of the fitted response at the
centre point of the design, i.e., point (0, 0), bki, bii,
and bkij were the linear, quadratic, and cross-product
regression terms, respectively.

Analysis of data

The regression analysis was conducted using the
‘‘stepwise variable selection backward elimination’’
procedure17,18 for fitting the model represented by
eq. (1) to the experimental data. Optimization of the
polynomial thus fitted was performed by numerical
techniques, using the mathematical optimizer proce-
dure of the Minitab 14.2 software package that deals
with constraints. The mapping of the fitted response
surfaces was achieved using the internal micro pro-
gram of the Minitab 14.2. The response surfaces and
contour plots for these models were plotted as a
function of two variables. The overlapping of the
contour plots was done to take into account the
three responses for their optimum values corre-
sponding to two variables at a time.

RESULTS AND DISCUSSION

Diagnostic checking of the fitted model

Regression analyses for different models indicated
that the fitted quadratic models accounted for more
than 90% of the variations in the experimental data,
which were highly significant. Multiple regression
equations were generated relating water solubility
index, water absorption index, and Max. loading to
coded levels of the variables.17 The developed mod-
els were indicated as follow, whereas, terms in those

TABLE II
Responses of Different Treatments

Treatments

Responses

Water solubility
index (%)

Water
absorption index
(g gel/g dry wt)

Max. loading
(N)

1 1.93 6 0.29 4.93 6 0.11 323.80 6 6.20
2 2.13 6 0.55 5.06 6 0.03 237.20 6 6.25
3 5.48 6 0.17 4.24 6 0.14 364.20 6 5.11
4 5.77 6 0.47 4.3 6 0.08 260.67 6 6.82
5 2.27 6 0.28 4.44 6 0.16 416.05 6 8.82
6 3.29 6 0.21 5.13 6 0.14 293.54 6 5.37
7 3.43 6 0.13 4.96 6 0.05 263.70 6 1.55
8 3.05 6 0.21 4.14 6 0.08 267.92 6 5.54
9 4.46 6 0.09 4.4 6 0.05 347.20 6 5.42

10 4.28 6 0.21 4.42 6 0.08 377.16 6 5.32
11 4.16 6 0.19 4.49 6 0.02 358.69 6 7.82
12 4.33 6 0.23 4.48 6 0.01 388.62 6 5.95
13 4.53 6 0.22 4.56 6 0.29 372.16 6 6.77

TABLE III
Coefficient of Variables in the Predictive Model for

Extrudate’s Water Solubility Index

Term Coef SE Coef T P

Constant 5.093 0.859 5.928 0.001**
X1 2.352 1.061 2.216 0.062
X2 0.451 0.13 3.459 0.011*
X1*X1 0.232 0.386 0.6 0.568
X2*X2 �0.031 0.007 �4.549 0.003*
X1*X2 �0.019 0.068 �0.284 0.784
S ¼ 0.5097
R-Sq ¼ 90.4%
R-Sq(adj) ¼ 83.6%

X1: glycerol level; X2: plasticizer level; S: the coefficient
of variation.
* Significant at P < 0.05.
** Significant at P < 0.01.
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equations are based on the P-values evaluation in
Tables III–VIII:

Water solubility index (Y1)

¼ 5:09305þ 0:45117X2 � 0:0313X2
2

ðR2 ¼ 0:904Þ

Water absorption index (Y2)

¼ 4:12216þ 0:00529X2
2

ðR2 ¼ 0:917Þ

Max. loading (Y3)

¼ 307:174� 199:111X1 � 101:349X2
1

ðR2 ¼ 0:945Þ

These models could be adequately used as predictor
models, regardless of low coefficient of determina-
tions. Only coefficients making a significant contri-
bution to the model are included in the model.
Hence, it can be concluded that the proposed mod-
els approximates the response surfaces and can be

used suitably for prediction at any values of the pa-
rameters within experimental range.
All the main effects including linear and quad-

ratic, and interaction of effects were calculated for
each model. The regression coefficients are shown
in Tables III, V, and VII, as well as the analysis of
variances obtained for all the models are shown
in Tables IV, VI, and VIII. The correlation coeffici-
ent for water solubility index, water absorption
index, and Max. loading (R2 ¼ 0.904, R2 ¼ 0. 917,
and R2 ¼ 0. 945, respectively) are very high for a
response surface.
First of all, the multiple regression model for pre-

dicting the water solubility index could explain
90.4% of the observed variations. Table III indicates
that the plasticizer level has a significant effect and
positive correlation with the water solubility index.
However, it was negatively affected by the quadratic
coefficient of plasticizer level. Table IV shows that
the multiple regression analysis of the water solubil-
ity index model was significant; however, the inter-
action of variables of the model was not significant.
Second, the multiple regression model for predict-

ing the water absorption index could explain 91.7%

TABLE V
Coefficient of Variables in the Predictive Model for

Extrudate’s Water Absorption Index

Term Coef SE Coef T P

Constant 4.122 0.208 19.856 0**
X1 �0.281 0.256 �1.096 0.309
X2 �0.053 0.032 �1.676 0.138
X1*X1 0.063 0.093 0.669 0.525
X2*X2 0.006 0.002 3.186 0.015*
X1*X2 �0.005 0.016 �0.284 0.784
S ¼ 0.1232
R-Sq ¼ 91.7%
R-Sq(adj) ¼ 85.8%

X1: glycerol level; X2: plasticizer level; S: the coefficient
of variation.
* Significant at P < 0.05.
** Significant at P < 0.01.

TABLE VII
Coefficient of Variables in the Predictive Model for

Extrudate’s Max. Loading

Term Coef SE Coef T P

Constant 307.174 28.026 10.96 0**
X1 �199.111 34.609 �5.753 0.001**
X2 �8.437 4.254 �1.983 0.088
X1*X1 �101.349 12.607 �8.039 0**
X2*X2 �0.22 0.224 �0.981 0.359
X1*X2 �3.129 2.217 �1.411 0.201
S ¼ 16.63
R-Sq ¼ 94.5%
R-Sq(adj) ¼ 90.7%

X1: glycerol level; X2: plasticizer level; S: the coefficient
of variation.
* Significant at P < 0.05.
** Significant at P < 0.01.

TABLE IV
Analysis of Variance Results for Fitted Models of

Extrudate’s Water Solubility Index

Source DF Seq SS Adj SS Adj MS F P

Regression 5 17.14 17.14 3.428 13.2 0.002*
Linear 2 11.366 6.701 3.35 12.9 0.004*
Square 2 5.753 5.753 2.876 11.07 0.007*
Interaction 1 0.021 0.021 0.021 0.08 0.784
Residual error 7 1.819 1.819 0.260
Lack-of-fit 3 1.804 1.804 0.601 168.46 0
Pure error 4 0.014 0.014 0.004
Total 12 18.958

* Significant at P < 0.05. **Significant at P < 0.01.

TABLE VI
Analysis of Variance Results for Fitted Models of

Extrudate’s Water Absorption Index

Source DF Seq SS Adj SS Adj MS F P

Regression 5 1.177 1.177 0.235 15.52 0.001**
Linear 2 1.021 0.093 0.047 3.07 0.11
Square 2 0.155 0.155 0.077 5.11 0.043*
Interaction 1 0.001 0.001 0.001 0.08 0.784
Residual error 7 0.162 0.162 0.015
Lack-of-fit 3 0.09 0.09 0.03 7.51 0.04*
Pure error 4 0.016 0.016 0.004
Total 12 1.283

* Significant at P < 0.05.
** Significant at P < 0.01.
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of the observed variations. Table V indicates that the
water absorption index was positively affected by
the quadratic coefficient of plasticizer level. Table VI
shows that the multiple regression analysis of the
water absorption index model was significant, how-
ever, the linear and interaction of variables of the
model was not significant.

Finally, the multiple regression model for predict-
ing the Max. loading could explain 94.5% of the
observed variations. Table VII indicates that the
glycerol level has a significant effect and negative
correlation with the Max. loading. Moreover, it was
negatively affected by the quadratic coefficient of
glycerol level. Table VIII shows that the multiple
regression analysis of the Max. loading model was
significant; however, the interaction of variables of
the model was not significant.

Analysis of variance

Once a model was selected, an analysis of variance
was calculated to assess how well the model repre-
sents the data. The analyses of variances for different
responses are presented in Tables IV, VI, and VIII.
To evaluate the goodness of the model, the coeffi-
cient of variation (the level of the standard error of
estimate to the mean value expressed as a percent-
age), and F-value tests were conducted. As a general
regulation, the coefficient of variation should be not
greater than 10%.17,18

In this study, the coefficients of variation for water
solubility index, water absorption index, and Max.
loading, were 0.5097, 0.1232, and 16.63%, respec-
tively. Also, the F-value for both responses was sig-
nificant at the 95% level, as shown in Table IV, VI,
and VIII. The contour and response surface plots for
both responses are shown in Figures 1–3. From anal-
yses of residuals (data not shown), it is possible to
conclude that they were randomly distributed
around zero and there is no evidence of outliers (no
point lying away from the mean more than four
times the means).17,18

Conditions for optimum responses

The direction in which to change variables to opti-
mize water absorption index, water solubility index,
Max. loading were usefully indicated by the models.
The multiple regression equation Y1 was solved
for the optimum water solubility index (4.34%), Y2

was solved for the optimum water absorption index
(4.55 g gel/g dry wt), and Y3 was solved for the
optimum Max. loading (370.06N). The optimum con-
ditions to achieve the above responses are presented
in Figure 5. Optimum values of water solubility
index, water absorption index, and Max. loading for
all the variables lie close to the middle of the experi-
mental range, indicating the validity of the selection
of the variables range, and the models was accepted
due to theirs significance at P < 0.01. The response
surface models were obtained by selecting three var-
iables and the one remaining have the value which

TABLE VIII
Analysis of Variance Results for Fitted Models of

Extrudate’s Max. Loading

Source DF Seq SS Adj SS Adj MS F P

Regression 5 33554.9 33554.9 6710.99 24.28 0**
Linear 2 15139.2 14398.2 7199.11 26.04 0.001**
Square 2 17865.2 17865.2 8932.58 32.32 0**
Interaction 1 550.6 550.6 550.61 1.99 0.201
Residual error 7 1934.9 1934.9 276.42
Lack-of-fit 3 1897.7 1897.7 632.58 68.07 0.001**
Pure error 4 37.2 37.2 9.29
Total 12 35489.9

*Significant at P < 0.05.
** Significant at P < 0.01.

Figure 1 Contour and response surface plots of extru-
date’s water solubility index (WSI). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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leads to the optimum response in the equations of
Y1, Y2, and Y3. Some selected surfaces are presented
in Figures 1–3.

In moving along the horizontal axis in Figure 1, it
can be seen that with the increase of plasticizer level
had a positive parabolic effect on water solubility
index. Meanwhile, the glycerol level has a positive
linear effect on water solubility index as well. The
optimum value of water solubility index lies very
close to the middle of experimental region. The
greatest WSI values may due to disintegration of
starch granules and low molecular compounds from
extrudate melt during extrusion process, this may
cause in an increase in soluble material.28

Figure 2 show that with the increase of plasticizer
level had a negative parabolic effect on water
absorption index. However, the glycerol level has a
negative parabolic effect on water absorption index.
The optimum value of water absorption index lies
very near to the bottom of experimental region.
Gomez and Aguilera reported that the increase of

the starch level will increase of the amount of the
AOH functional group, which resulted in the
increase of water absorption.27 Increase in the value
of WAI may probably be caused by uncovering of
hydrophilic groups in extrudates and greater avail-
ability and easier penetration of structures by water
molecules.28

In Figure 3, the plasticizer level has a negative
parabolic effect on Max. loading as well as the glyc-
erol level and the optimum lies near the middle
value of the level.

Superimposition of contour plots of responses

Areas of optimum performance were located by
superimposing contour graphs for water solubility
index, water absorption index, and Max. loading for
compositions levels which established limits of ac-
ceptable quality for each factor. Since the optimum
processing variables for each response did not fall
exactly in the same region in the two dimensional

Figure 2 Contour and response surface plots of extru-
date’s water absorption index (WAI). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3 Contour and response surface plots of extru-
date’s Max. loading. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

1802 HONG, PENG, AND LUI

Journal of Applied Polymer Science DOI 10.1002/app



space formed by the compositions levels, constraints
were set such that all responses (water solubility
index, water absorption index, and Max. loading)
met their optimum acceptable region with the same
composition levels. It was assumed that a water sol-
ubility index should be more than 4.2 but less than
4.5, water absorption index more than 4.4 but less
than 4.5, and Max. loading should be more than 360
but less than 380N.27,29–31 Superimposing the indi-
vidual contour plots for the response variables
resulted in the identification of a region (shown by
the white colored area), which satisfied all con-
straints and runs at barrels temperatures 160, 160,
165, and 165�C with a feed rate 25 g min�1, and

screw speed 40 rpm as shown in Figure 4. However,
it may not be advisable to set the experimental con-
ditions very rigid and, therefore, a moderation level
has been given to each process variable and
response as shown in Figure 5. Hence, the final opti-
mum conditions, for, water solubility index of
4.34%, water absorption index of 4.55 g gel/g dry
wt, and Max. loading of 370.06N were identified at
the plasticizer level of 21.06 g and the glycerol level
of 96.11 mL, respectively, were computed as shown
in Figure 5. The optimum conditions were experi-
mentally tested, obtaining a water solubility index of
4.34%, water absorption index of 4.55 g gel/g dry
wt, and Max. loading of 378.07N. Hence, the above
predicted values for optimum process conditions
were in good agreement with experimental data.

CONCLUSION

This could be concluded that the system of water
solubility index, water absorption index, and Max.
loading of cornstarch/PHBV blended composite can
be effectively optimized using RSM, and with a min-
imum number of experiments. Also, computerized
computations, model building, and generation of
three-dimensional graphs and contours will be effec-
tive in simplify the complexity of the preparation of
cornstarch/PHBV blended composites with different
variables used. According to the optimum condi-
tions given for the variables, the process can be
scaled up for industrial production and the corn-
starch/PHBV blended composite are suitable for bio-
degradable plastics application.
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