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Abstract

In this study, alginate extracted from the brown alga Sargassum siliquosum J. Agardh was used as raw material for the synthesis
of bioplastic film. Two-level full factorial design (FFD) and augmented central composite design (CCD) were employed in
analysing the effects of following parameter toward the physical properties of the film produced: alginate loading, addition of
sago starch and sorbitol as well as the concentration of calcium chloride (CaCl,) used during treatment process. Statistical
analysis of results indicated that bioplastic film could be produced from S. siliguosum by using a mixture containing 2 g of
extracted alginate powder and 15% w/w of sorbitol followed by the treatment with 75% w/w of CaCl,. Model validation proved
that the percentage error was below 3.21% in general, indicating the proficiency of the models in predicting an optimised film
with the following properties: tensile strength of 33.90 MPa, elongation at break of 3.58%, water vapour permeability of 2.63 x

10" gPa' s m " and water solubility of 33.73%.

Keywords Alginate - Bioplastic film - Two-level full factorial design - Augmented central composite design - Optimisation

Introduction

Conventional plastic is one of the most utilised materials in the
world with annual global plastic production that surpassed
311 million tonnes in year 2014 (Plastics Europe 2015).
However, the production of conventional plastics is still large-
ly dependent on fossil fuels that are depleting at an alarming
rate. The large production and application of conventional
plastic potentially create plastic waste problem and inevitably
leads to pollution and environmental issues (Gade et al. 2013;
Ellen MacArthur Foundation 2016) with 95% of the plastic
packaging material value lost after a short first use cycle.
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Thus, bioplastic film is introduced as an alternative in view
of its bio-based and biodegradable properties.

Alginate is a phycocolloid that can be extracted from
brown seaweed as a starting material for the bioplastic
film. It is a linear binary copolymer that consists of two
1,4-linked uronic acids which are a-L-guluronic acid and
[-D-mannuronic acid (Draget and Taylor 2011). Alginate
can be extracted from different species of brown sea-
weeds, and in this study, it was extracted from
Sargassum siliquosum J. Agardh collected from the coast-
line of Port Dickson, Malaysia. Alginate is preferentially
extracted in their sodium form using sodium carbonate,
with optional formaldehyde pretreatment prior to the ex-
traction process (Pegg 2012). However, comparison of
yield and molecular weight of alginate extracted from
Sargassum species in Malaysia in the presence of formal-
dehyde have not been studied.

One of the important characteristics of alginate is the
formation of water-insoluble gels in the presence of multi-
valent cations such as calcium ions (Ca“). The water-
insoluble property is attributed to the strong cross-linking
interaction between the C=0 groups of guluronic acid with
Ca**, resulting in a three-dimensional gel-like conformation
which is known as the “egg box” structure (Sellimi et al.
2015). In addition, film produced by immersion treatment
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was with improved properties compared to the direct addi-
tion of Ca®* into the polymer blend (Rhim 2004; Fazilah et
al. 2011; Crossingham et al. 2014).

To date, there are quite a number of studies focused on
the application of alginate in the production of bioplastic
(Blanco-Pascual et al. 2014) with the incorporation of a
secondary biopolymer (Wang et al. 2010a; Fazilah et al.
2011; Azeredo et al. 2012b; Benavides et al. 2012; Galus
and Lenart 2013). There are also studies evaluating the ef-
fect of different concentrations of plasticiser (Talja et al.
2007; Jost et al. 2014) and CaCl, immersion treatment
(Rhim 2004; Fazilah etal. 2011). However, limited research
has been performed on the relationship between each of the
process parameters, namely alginate (primary polymer), sa-
go starch (secondary polymer), sorbitol (plasticiser) and
CaCl, treatment (chemical modification) affecting the pro-
duction of bioplastic film toward a series of physical prop-
erties (tensile strength, percentage of elongation at break,
water vapour permeability and percentage of water solubil-
ity) of the synthesised bioplastic films. Such relationships
among the factors can be effectively identified by statistical
design of experiment (DoE) with the benefits of reduction in
time, effort and materials. The use of statistical DoE focused
on discovering the significant factors, and then to propose
the optimised process solution once the relationships among
different factors were established (Barka et al. 2014).

In the present study, preliminary screening on the effect of
the formaldehyde pretreatment on the physicochemical prop-
erties of alginate from S. siliquosum was investigated.
Subsequently, a two-level full factorial design (FFD) and aug-
mented central composite design (CCD) were employed to
determine the effect of four factors: alginate loading, sago
starch loading, sorbitol concentration and CaCl, treatment
concentration, toward the properties of bioplastic film pro-
duced (tensile strength, percentage of elongation at break, wa-
ter vapour permeability and percentage of water solubility).

Materials and methods
Seaweed collection

Samples of Sargassum siliquosum were collected from Teluk
Kemang, Port Dickson, west coast of Peninsular Malaysia (2°
26' 23.02" N, 101° 51’ 25.2" E) on September 2015, April
2016, March 2017 and July 2017. The seaweed samples
collected were washed, air dried and milled into a size not

larger than 1 mm?.

Alginate extraction

The extraction of alginate from S. siliguosum was performed
with or without the addition of formaldehyde. In the method
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without formaldehyde pretreatment, extraction of alginate was
done according to the method of Chee et al. (2011) with minor
modification. Seaweed sample (20 g) was soaked in 1% w/v
calcium chloride (CaCl,) for 18 h. Following this, the seaweed
was rinsed with distilled water prior to the reaction with 5% v/v
hydrochloric acid (HCI) for 1 h. The seaweed sample was
rinsed again with distilled water, stored in 3% w/v sodium
carbonate (Na,COs) for 1 h, before 250 mL of distilled water
was incorporated for further reaction (15 h). The alginate ex-
tract was subsequently separated from the insoluble seaweed
residue by centrifugation at 16,000xg, precipitated with abso-
lute ethanol and dried cryogenically. While for the extraction
with formaldehyde pretreatment, the seaweed sample was
treated similarly with an additional pretreatment of 5% v/v
formaldehyde for 1 h before the reaction with HCL

Characterisation of extracted alginate

FTIR spectroscopy FTIR spectra of the extracted alginate were
acquired with FTIR spectroscope (Perkin-Elmer, Spectrum
100) through KBr pellet technique. Spectral scanning was
taken between the wavenumber of 4000 and 650 cm ™'
Commercial sodium alginate (Sigma Aldrich) was used as

standard.

Alginate yield Percentage of yield of the extracted alginate
was calculated with Eq. 1.

Weight of alginate
Weight of dry seaweed

Yield of alginate = 100 (1)

Intrinsic viscosity and molecular weight Measurements for
intrinsic viscosity of the alginate sample was performed fol-
lowing the method of Torres et al. (2007) and Chee et al.
(2011) with minor modification. Alginate solution (0.15%
w/v) was added into the Ubbelohde glass viscometer
(Cannon, size 1) and immersed in a water bath at 25 °C. The
alginate solution was pumped to the upper indicator line of the
viscometer and left to flow under the influence of gravity.
Flow time of the alginate solution was denoted as ¢, while flow
time of ultrapure water recorded was denoted as 7,. The
starting alginate solution was subsequently diluted for at least
eight times. Intrinsic viscosity [7] is obtained as the intercept
of the regression lines from graphs of reduced viscosity, 7eq
and inherent viscosity, 7;,, against the concentration ¢ of the
alginate solution. Molecular weight of the alginate sample was
calculated through intrinsic viscosity [n] using Mark-
Houwink-Sakurada equation (Eq. 2), with k& value of 0.023
and a value of 0.984, to empirically relate the intrinsic viscos-
ity with the average of molecular weight (Eq. 3) (Clementi et
al. 1998; Torres et al. 2007).
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] = kM (2)

[n] = 0.023 M, "84 (3)

Statistical analysis Statistical analysis for yield and molecular
weight of the extracted alginate were performed with SPSS
(Version 16.0; SPSS Inc.) by using one-way ANOVA coupled
with Tukey’s post-hoc test.

Statistical design of experiment

Two-level full factorial design A four-factor, two-level full
factorial design (FFD) was carried out in this study to evaluate
the effects of four factors, namely alginate loading (X;), sago
starch loading (X3), sorbitol concentration (X3), and CaCl,
treatment concentration (X4) on four responses, namely tensile
strength (Y7), percentage of elongation at break (Y>), water
vapour permeability (¥3) and percentage of water solubility
(Y4). By using this design, each of the factors was examined
on their low (— 1) and high (+ 1) level as shown in Table 1,
with three additional centre point experiments at their respec-
tive mean (0) level. Each of the generated formulations were
tested in three independent experiments (= 3). The overall
experimental design and analysis were completed using
Design-Expert 9.0.4.1 (Stat-East, Inc). The experimental data
were fitted to fourth-order models (Eq.4) to express the re-
sponses as a function of the different factors.

Y o= bo+ Y biXi+ Yo XXX
+ 2ic 2 < ka3 X X X i
+ D123 X 1 X0 X3 X 4+
S biX P+ Zi:IZj:1¢ibiﬁXi2Xf te

The last two terms before ¢ in the model equation were
accounted for additional quadratic functions if the model
was found to have significant curvature, while the last term
(¢) was the residual from the fitted model. Regression analysis
and analysis of variance (ANOVA) were also performed,
along with the test of statistical significance at a confidence
level of 95% (p <0.05). Main and interaction effects were
illustrated by effect plots, which showed variations on factors
of interest while keeping other factors constant at their respec-
tive mean level.

Synthesis and characterisation of bioplastic film

Preparation and casting of film Alginate powder with the
corresponding amount of sorbitol (Table 2) was dissolved in
distilled water (150 mL) at room temperature followed by
incubation in water bath (60 °C) for complete dissolution
(Wong 2011). The gelatinisation of sago starch in 50 mL of
distilled water was then carried out in water bath at 90 °C.
Different amount of alginate powder, sago starch and sorbitol
were adjusted according to the statistical experimental design.
Then, the polymer solutions of alginate and sago starch were
mixed together and hold at a process temperature of 50 °C
with constant agitation for 90 min. The solution was casted on
an acrylic container (300 x 200 mm), which was subsequently
air dried for 24 h to obtain the cast film.

Calcium chloride immersion treatment The cast films were
treated for 1 min with various concentrations of CaCl, with
reference to the statistical experimental design (Fazilah et al.
2011). Sorbitol (5% w/w of the dry weight of cast film) was
added to improve the flexibility of the film. Films were then
dried at ambient conditions prior to characterisation.

Mechanical properties Tensile strength and percentage of
elongation at break of the cast bioplastic films were tested
by a microtester with a 2 kN load cell. Prior to the testing,
bioplastic films were conditioned at 52% relative humidity
(RH) at 25 °C for 48 h. Films were cut to a dimension of
20 mm x 90 mm following the method of Benavides et al.
(2012) while the thickness of the films were measured with a
digital micrometre. Testing was done according to ASTM
D882 (ASTM International 2012) and the method of
Benavides et al. (2012). Initial grip separation was 50 mm

and the test speed was set at 12.5 mm min .

Water vapour permeability Water vapour permeability (WVP)
of the films was acquired in accordance with Mungo (2003)
and ASTM E96 (ASTM International 2010). A portion of the
film (permeation area = 3850 mmz) was cut, conditioned,
mounted on an aluminium cup filled with silica gel, and was
placed in a desiccator with distilled water. Weight was mea-
sured every hour for 7 h continuously after steady state was
reached (Blanco-Pascual et al. 2014). WVP for each individ-
ual film was calculated by Egs. 5 and 6, where w was weight
gained (g), 7 was time gained (s), A was permeation area (m?),

Table 1 Different levels of

factors used in the experimental Code Factors Low level (— 1) Mean (0) High level (+1)
design

X Alginate loading (g) 2 3 4

X Sago starch loading (% w/w) 0 25 50

X; Sorbitol concentration (% w/w) 15 30 45

X4 CaCl, treatment concentration (% w/w) 0.0 37.5 75.0

@ Springer
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Table 2  Design matrix of two-level FFD and augmented CCD
Group Factors®

X X> X; Xy
1 -1 -1(0) —1(15) -1(0)
2 +14) -1(0) —1(15) -1(0)
3 -1 +1(50) —1(15) -1(0)
4 +1(4) +1 (50) -1 (15) -1(0)
5 -1 -1(0) +1(45) -1(0)
6 +1(4) -1(0) +1(45) -1(0)
7 -1 +1(50) +1(45) -1(0)
8 +1(4) +1(50) +1(45) -1(0)
9 -12) —-1(0) —-1(15) +1(75)
10 +1(4) -1(0) —-1(15) +1(75)
11 -1(2) +1(50) —-1(15) +1(75)
12 +14) +1(50) -1(15) +1(75)
13 -1 -1(0) +1(45) +1(75)
14 +14) -1(0) +1(45) +1(75)
15 -1(2) +1(50) +1 (45) +1(75)
16 +14) +1(50) +1(45) +1(75)
17 0(3) 0(25) 0(30) 0(37.5)
18 0(3) 0(25) 0 (30) 0(37.5)
19 0(3) 0(25) 0 (30) 0(37.5)
20 -1 0(25) 0 (30) 0(37.5)
21 +1(4) 0(25) 0 (30) 0(37.5)
22 0(@3) -1(0) 0 (30) 0(37.5)
23 0@3) +1 (50) 0 (30) 0(37.5)
24 0@3) 0(25) —1(15) 0(37.5)
25 0@3) 0(25) +1(45) 0(37.5)
26 0@3) 0(25) 0 (30) -1(0)
27 0@3) 0(25) 0 (30) +1(75)
28 0@3) 0(25) 0 (30) 0(37.5)

#Factors: X, alginate loading (g); X5, sago starch loading (% w/w
alginate); X3, sorbitol concentration (% w/w total macromolecule);
X,, CaCl, treatment concentration (% w/w alginate). The uncoded
values were presented in brackets

x was film thickness (m), AP was the atmospheric vapour
pressure between desiccant and distilled water, P was the sat-
urated vapour pressure of water at the test temperature (Pa), R,
was the %RH of the environment inside desiccator and R, was
the %RH of the environment inside aluminium cup.

()

AP = P (Ri-R,) (6)

Percentage of water solubility Film was cut to a dimension of
40 mm x 40 mm and placed in a desiccator for 7 days prior to
the solubility testing (Fazilah et al. 2011). The initial dry
weight of the film was recorded and the film was then

@ Springer

submerged in 50 mL distilled water at 25 °C. After 24 h, the
insoluble fragments were first collected through filtration by
filter paper, dried in an oven at 105 °C for 24 h and weighed to
obtain the final dry weight. Percentage of water solubility
(%WS) was calculated by Eq. 7.

UWS initial dry weight-final dry weight
O =

100 7
initial dry weight X (7)

Optimisation and validation

Response surface methodology Additional experiments were
required for models with experimental data that were not
fitting well, i.e. with insignificant model and a highly signif-
icant lack of fit. This was done with the response surface
methodology technique, particularly augmented central com-
posite design (CCD) where additional formulations around
the centre points of the design matrix on the basis of experi-
mental data from two-level FFD was generated and per-
formed. By this, curvature that was captured but was failed
to be explained by the two-level FFD can be described.

Validation of model Following the regression analysis and
ANOVA, model equations were generated to use in prediction
and optimisation of various bioplastic film characteristics.
Since this is a multi-response optimisation, all the responses
were taken into consideration simultaneously. Derringer’s de-
sirability function was used to calculate the desirability of the
targeted combination (Yuan et al. 2015). Additional experi-
mental runs were carried out subsequently to validate the op-
timisation solution.

Results
Characterisation of sodium alginate extract

The extracted sodium alginate from S. siliquosum was
characterised based on its physical appearance, FTIR spectra,
percentage of yield and molecular weight. The freshly precip-
itated alginates were gelatinous and soft but strong in texture.
After air drying for 24 h, the samples were subjected to freeze
drying as there was still moisture retained in the sample.
Sodium alginate extracted from S. siliquosum with 5% v/v
formaldehyde appeared in lighter colour (light brown) as com-
pared to those extracted without formaldehyde pretreatment
(dark brown in colour). FTIR was carried out for both of the
extracted alginate samples and the standard alginate. The FTIR
results showed that the IR spectra for both of the extracted
alginate samples were comparable to that of the standard algi-
nate. The visible peaks for the extracted samples corresponded
to the wavenumbers of alginate in literature. The yield of algi-
nate extracted, 33.75 + 1.21% w/w, was significantly higher (p
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<0.05) with protocol without formaldehyde pretreatment in
comparison to the mixture pre-treated with formaldehyde
(26.91 +1.59% w/w). The intrinsic viscosities of the extracted
alginate samples were measured and were used for the calcu-
lations of molecular weight. There was no significant differ-
ence (p > 0.05) found in molecular weight for alginate extract-
ed with (M, =15.32+£0.56x 10°> g mol™'; [n]=31.34 %
1.13 dL gﬁl) or without formaldehyde (M, =16.56+0.50 x
10° gmol ; []=33.83 £ 1.01 dL g ") for S. siliquosum. The
inherent viscosities of alginate extracted from S. siliquosum
with or without formaldehyde pretreatment ranged from
14.12t0 18.15dL g " and 14.32 t0 18.66 dL g ', respectively.

Statistical model development

Bioplastic films were cast according to the design matrix as
shown in Table 2. There were a total of four responses which
equivalent to the four properties of the synthesised film, name-
ly, tensile strength (response 1), percentage of elongation at
break (response 2), water vapour permeability (response 3)
and percentage of water solubility (response 4). In order to
perform ANOVA on the generated two-level full factorial
models, assumptions of normality, homoscedasticity, linearity,
as well as model adequacy were first checked.

All the models developed in this study achieved normality
(Hii et al. 2014). The models developed were achieving ho-
moscedasticity for all the models as seen in the plot of resid-
uals versus the predicted response values, where the variances
for all the residuals were free from the effect of the size of the
predicted response values and scattered randomly within a
horizontal band (Smith 2005). Factorial designs assume only
linear relationships. Therefore, experimental data with signif-
icant curvature might lead to misleading interpretation of the
model. The linearity was verified by the insignificant p value
(p>0.05) of curvature through the ANOVA testing on the
results from centre point runs, which in this case achieved
by the model of response 1, 2 and 3 (p =0.5705, 0.4786 and
0.0675, respectively), but not response 4 (p < 0.0001, data not
shown). Model adequacy was then tested on the respective
models based on the significant model p value and the insig-
nificant lack of fit p value. It was followed by performing the
model analysis for model terms using ANOVA to assess the
effect of each of the model terms toward the responses.

Response 1: tensile strength ANOVA between the four factors
toward tensile strength were presented in Table 3. The model p
value of < 0.0001 and its lack of fit p value of 0.5705 indicated
that the model is valid for further analysis. The adjusted

Table 3 ANOVA analysis of

response 1 (tensile strength) Source Ss® dar® MS* F value p value® (prob >F)

Model 1.92 15 0.13 37.87 <0.0001
X 0.044 1 0.044 13.15 0.0009
X5 0.002 1 0.002 0.60 0.4429
X3 0.93 1 0.93 276.50 <0.0001
P 0.27 1 0.27 78.84 <0.0001
X1X> 0.003 1 0.003 0.92 0.3435
X1X3 0.072 1 0.072 21.36 <0.0001
XX, 0.00004 1 0.00004 0.01 0.9136
XX 0.071 1 0.071 21.11 <0.0001
XX, 0.36 1 0.036 106.18 <0.0001
X:X, 0.0006 1 0.0006 0.19 0.6672
XXX 0.023 1 0.023 6.95 0.0124
XXXy 0.048 1 0.048 14.28 0.0006
XXX, 0.007 1 0.007 2.06 0.1605
XXX, 0.036 1 0.036 10.73 0.0024
X XXX, 0.051 1 0.051 15.15 0.0004
Residual 0.12 35 0.003

Lack of fit/curvature 0.001 1 0.001 0.33 0.5705

Pure error 0.12 34 0.003
Total 2.04 50

#Sum of squares
®Degree of freedom

¢ Mean square

9 Significant if p <0.05; adjusted R* =0.9171; predicted R* =0.8710; percentage of coefficient of variation =
4.85%; adequate precision = 21.72

@ Springer
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coefficient of determination (adj—Rz) and the predicted coeffi-
cient of determination (pred-R*) were 0.9171 and 0.8710, re-
spectively. The percentage of coefficient of variation (CV)
was 4.85% while the adequate precision was 21.72.

A model equation was generated to express the mathe-
matical relationship between different factors on tensile
strength in coded terms. The original model equation of
response 1 was transformed into a logarithmic scale (Eq.
8) in order to meet the normality and homoscedasticity as-
sumptions. This model equation can be used to identify the
significance of the factors and their effects, as indicated by
the magnitude of the coefficients.

logoY1 =1.197 + 0.030X; + 0.007X,—0.139X3
+0.074X4 4 0.008X X, + 0.039X 1 .X;
40.001X1.X4—0.039.X,.X3—-0.086X,.X4
+ 0.004X3X4-0.022X 1 XX 3 + 0.032X 1 X, X4
+0.012X 1. X3X4-0.027X,X3X4-0.033X 1 X, X3X4

(8)

Each of the factors was further examined for their effects
toward the response. All model terms with p value less than
0.05 were deemed as significant. Among the significant terms,
those with larger F* value and sum of squares while having
smaller p value will have a greater impact on the final re-
sponse. As shown in Table 3, ten model terms were consid-
ered as significant factors. Further comparison between the
individual sum of square to total sum of squares revealed that
the negative effect of sorbitol (X3) on tensile strength was the
most critical with an overall 45.85% contribution. The effect
of sorbitol on tensile strength is illustrated in Fig. 1. An in-
crease from low to high level of sorbitol brought a decrease of
10.37 MPa in the tensile strength of the film.

50 —

40 —

30 —

20 —

Tensile strength (MPa)

10—

| | | | | | |
15 20 25 30 35 40 45

Xi: Sorbitol concentration (% w w - macromolecules)

Fig. 1 Effect of sorbitol concentration (X;) on response 1 (tensile
strength)
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Response 2: percentage of elongation at break Similar to
response 1 (tensile strength), the relationship of the factors
on the percentage of elongation at break was assessed using
ANOVA (Table 4). The experimental data fitted the model
well with the p value of the regression model lesser than
0.05 (p < 0.0001) and the p value of lack of fit was well above
0.05 (p=0.4786). The obtained experimental data were used
to develop a mathematical equation where the transformation
of square root scale was involved, which can then describe the
association of factors to the percentage of elongation at break
of the film in coded terms (Eq. 9).

VY, =4.110 + 0.380X; + 0.141.X,
+ 1.125X5-0.566X 4—0.065X 1 X>—0.073X 1 X3
—0.027X 1 X4 + 0.529X,X3 + 0.212X,X4—0.371.X3X4 (9)
+ 0.148X 1 X, X3 + 0.003X 1 XX 4
—0.227X 1 X3X4 + 0.145X,X3X4 + 0.425X 1 X, X3X 4

Similar to tensile strength, sorbitol (X3) was most crit-
ically affecting the percentage of elongation at break
(48.57% contribution), but in this case, it has portrayed
a positive effect (Fig. 2). The percentage of elongation at
break increased from 9.06 to 27.57% when the concentra-
tion of sorbitol increased from 15 to 45% w/w.

Response 3: water vapour permeability The amount of signif-
icant terms was lesser (only seven) for the model of response 3
(Table 5). Therefore, model reduction can be performed. The
original equation was transformed (inverse square root) in
order to meet the assumptions of normality and homoscedas-
ticity (Eq. 10). By inspecting their individual sum of squares,
alginate loading (X;) was revealed to be significantly affecting
the response with its positive effect and an overall percentage
of contribution of 71.76%. It can be seen from the effect curve
(Fig. 3) that the water vapour permeability was increased with
a higher alginate loading, particularly with an increment of
2.00x 10" gPa”' s m™" when the amount of alginate in
the blend increased from 2 to 4 g.

1

= 51175.06-6422.70X ,—1468.31X,—-1296.81.X 5
48 +309.80X4 + 501.99X,X> + 1468.82X 1.X5  (10)
+364.51X2X3 + 527.45X2X4 + 911.45X X4
~1580.19X 1 XX 35—1537.10X,X3X 4

Response 4: percentage of water solubility The experimental
data acquired by two-level full factorial design was first
analysed by ANOVA but the model possessed a signifi-
cant lack of fit (p<0.0001; data not shown).
Consequently, the two-level FFD for this response was
altered into an augmented central composite design
(CCD) to explain the curvature that occurred in the exper-
imental data. The model is highly significant (p <0.0001)
with an insignificant lack of fit (p =0.9355) (Table 6),



J Appl Phycol (2018) 30:3285-3297 3291

Table 4 ANOVA analysis of

response 2 (percentage of Source Ss? ar MS¢ F value p value® (prob > F)

elongation at break)
Model 119.88 15 7.99 52.94 <0.0001
X 6.94 1 6.94 45.95 <0.0001
X5 0.96 1 0.96 6.35 0.0164
X; 60.79 1 60.79 402.65 <0.0001
X, 15.35 1 15.35 101.67 <0.0001
XX 0.20 1 0.20 1.33 0.2563
XX 0.26 1 0.26 1.70 0.2011
XX, 0.034 1 0.034 0.23 0.6375
XX 13.42 1 13.42 88.88 <0.0001
XX, 2.16 1 2.16 14.28 0.0006
XX, 6.59 1 6.59 43.67 <0.0001
X1XX; 1.05 1 1.05 6.95 0.0124
X\ XoXs 329%x107* 1 329%x107* 2.18x107° 0.9630
X1 XX, 248 1 248 16.40 0.0003
XXX, 1.01 1 1.01 6.67 0.0142
X XXX, 8.65 1 8.65 57.31 <0.0001
Residual: 5.28 35 0.15

Lack of fit/curvature 0.079 1 0.079 0.51 0.4786
Pure error 5.21 34 0.15

Total 125.17 50

#Sum of squares
®Degree of freedom

¢ Mean square

9 Significant if p<0.05; adjusted R* =0.9397; predicted R> =0.9079; percentage of coefficient of variation =

9.45%; adequate precision: 22.70

indicating that the experimental data can be explained
well after the alteration made on the statistical design.
The mathematical relationships of this model in coded
model terms are presented as (Eq. 11).

50 —

40—

30—

20— ®

10—

Percentage of elongation at break (%)

| T | | T | |
15 20 25 30 35 40 45

Xi: Sorbitol concentration (% w w ! macromolecules)

Fig. 2 Effect of sorbitol concentration (X3) on response 2 (percentage of
elongation at break)

Y4 = 89.11 + 7.99X,-2.07X,—0.76X5-0.47X 4
—4.62X 1 X2-5.05X 1 X3 + 2.63X X4 + 2.13X,X3
+7.94X,X 4—2.36 XX 4—5.72X>—12.84X,>
+6.20X 4% 4 3.78X 1 X, X3—4. 11X 1 X, X4
—5.42X 1 X5X 4 4 0.34X2X3X4-10.21X,%X 4
—6.47X 1 X2? 4+ 4.42X X2 X X4

(11)

The 3-D response surface contour plot is shown in Fig. 4. It
was noted that when the film was not treated with CaCl, and
without the supplementation of sago starch, the percentage of
water solubility was relatively high (~99%). The percentage of
water solubility gradually reduced when the concentration of
sago starch increased to 50% w/w. Conversely, the percentage
of water solubility was at its lowest when the concentration of
CaCl, was at high level (75% w/w) and no sago starch was
incorporated in the formulation. Moreover, when sago starch
present in high level (50% w/w) in the formulation, the per-
centage of water solubility was in a similar range (~80%)
regardless of the concentration of the CaCl, treatment.

Validation experiments

The four models developed using the statistical designs
were utilised to perform a multi-response optimisation.
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Table5 ANOVA analysis of response 3 (water vapour permeability) Table6 ANOVA analysis of response 4 (percentage of water solubility)
Source Ss® dar MS*¢ F value p value® Source Ss? dr®  Ms° Fvalue  p value?
(x10%) (x10%) (prob > F) (prob > F)
Model 25.77 11 2.34 50.29 <0.0001 Model 17,341.93 20 867.10 96.67 <0.0001
Xi 19.80 1 19.80 425.00 <0.0001 Xi 127.70 1 127.70 14.24 0.0005
X 1.04 1 1.04 22.21 <0.0001 X 215.16 1 215.16 23.99 <0.0001
X3 0.81 1 0.81 17.33 0.0002 X; 28.57 1 28.57 3.19 0.0821
Xy 0.05 1 0.05 0.99 0.3262 Xy 0.44 1 0.44 0.05 0.8254
XX 0.12 1 0.12 2.60 0.1152 XX 1026.57 1 1026.57 114.45 <0.0001
XiX3 1.04 1 1.04 22.23 <0.0001 XiX3 1222.41 1 1222.41 136.29 <0.0001
XX 0.06 1 0.06 1.37 0.2491 X1 Xy 332.19 1 332.19 37.04 <0.0001
XXy 0.13 1 0.13 2.87 0.0984 XX 218.33 1 218.33 24.34 <0.0001
X3X4 0.40 1 0.40 8.56 0.0057 XXy 3026.69 1 3026.69 33745 <0.0001
XiXoX3 1.20 1 1.05 25.73 <0.0001 X3X, 266.64 1 266.64 29.73 <0.0001
XX, 1.13 1 1.13 24.34 <0.0001 X12 93.63 1 93.63 10.44 0.0025
Residual: 1.82 39 0.05 X2 472.14 1 472.14 52.64 <0.0001
Lack of fit 0.20 5 0.04 0.85 0.5255 X2 110.03 1 110.03 12.27 0.0012
Pure error 1.62 34 0.05 XXX 685.29 1 685.29 76.40 <0.0001
Total 27.59 50 X1 X0X, 809.76 1 809.76 90.28 <0.0001
X X1 XX, 1410.66 1 1410.66  157.28 <0.0001
. SD“em Ofsi‘;arez XXX, 562 1 5.62 0.63 0.4332
. gree of freedom X X2 8040 1 80.40 8.96 0.0048
dhsf;?fffﬁrff »<0.05; adjusted R =0.9156; predicted R* = 0.8873; X 20021120021 2232 <0.0001
percentage of coefﬁciem’ of variation = 4.2.2%; a;dequate precision:‘24.15, XXX 938.60 ! 93860 104.64 <0.0001
Residual 349.80 39 8.97
Lack of fit 7.90 4 1.98 0.20 0.9355
An optimisation strategy called Derringer’s desirability T error 34190 35 .77
Total 17,691.74 59

function was used to determine the combinations of fac-
tors that will produce bioplastic films with “most desired”
responses. Validation of the predicted responses was done
concurrently in triplicates, where the desirability value of
0.8853 was found for the suggested solution by the soft-
ware. The comparison between the predicted and actual
experimental values is tabulated in Table 7.

7E-010 —
z
£ 6E010
®
g
5 E 56010
2
B ®
2F 4E010 =
So
g 3E-010
= 010 |
s
2E-010 —

T T T T T
2 25 3 35 4

Xi: Alginate loading (g)

Fig. 3 Effect of alginate loading (X;) on response 3 (water vapour
permeability)

@ Springer

#Sum of squares
" Degree of freedom
¢ Mean square

9 Significant if p < 0.05; adjusted R* =0.9701; predicted R* = 0.9530;
percentage of coefficient of variation = 3.80%; adequate precision: 36.69

Discussion

Extraction and characterisation of the extracted alginate The
brown seaweed S. siliguosum was chosen in this study due to a
relatively higher yield of alginate (38.9% under ambient con-
dition) as compared to other Sargassum species (Chee et al.
2011). The dark brown colouration that was reflected in the
final alginate samples was due to the leaching of soluble phe-
nolic compounds that were found in brown seaweed into the
sodium alginate crude extract (Haug 1964). The observed
lighter brown colour in sample treated with formaldehyde
was contributed by the reaction of formaldehyde as a fixative
(Thavarajah et al. 2012). The addition of formaldehyde poly-
merises the phenolic compounds in the plant matrix which in
turn lowers its solubility and retains it in the matrices, thus
minimises the release of phenolic content into the final algi-
nate samples (Fertah 2017).
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Fig. 4 Response surface plot of interaction effect between sago starch
loading and CaCl, treatment concentration (X>X)

The percentage of yield recorded in this study was in the
acceptable range of industry standard alginate yield of 13 to
38% (Bertagnolli et al. 2014). However, the additional form-
aldehyde pretreatment step caused the higher loss of seaweed
biomass due to the transfer process between chemical treat-
ments. The higher percentage of yield of the extracted alginate
without formaldehyde pretreatment may be partly due to the
phenolic compounds which leached into the crude alginate
extract in view of the darker brown colour of the final product.

Alginate has the ability to form viscous solution when
dissolved in water. The contribution of solute (alginate) to
the viscosity of a solution is known as the intrinsic viscosity
(daCostaetal. 2017). The solution of a polymer with higher
molecular weight possessed higher intrinsic viscosity be-
cause of its larger hydrodynamic volume, as well as the
higher intermolecular forces between polymer and solvent
molecules (Ghosh and Karmakar 2014). In the present
study, the molecular weights of all the alginate samples
were in the magnitude of 10° g mol " and this is higher than
those reported in other studies; as summarised by Torres et

Table 7 Averaged experimental data and their respective percentage
error based on predicted responses

Responses® Predicted” Experimental® Error (%)
Y 34.59 33.90 2.00
Y, 347 3.58 321
Y3 2.64 2.63 0.49
Yy 34.24 33.73 1.49

#Responses for optimised film: Y}, tensile strength (MPa); Y5, percentage
of elongation (%); Y3, water vapour permeability
(x107"° gPa' s m"); ¥, percentage of water solubility (%)

® Predicted responses by the model

¢ Averaged experimental data based on the calculated optimised solution

al. (2007) which were normally in the magnitude of
10° g mol™". The application of freeze-drying as the drying
method in this study helped to preserve the molecular integ-
rity of the extracted alginate since alginate is known to de-
grade significantly under high temperature, particularly
above 60 °C (Hernandez-Carmona et al. 2002).

Bioplastic synthesis and statistical model development
Alginate and sago starch were two of the polymers ap-
plied in the synthesis of bioplastic film in this study. The
range of alginate loading used in this study was from 2 to
4 g (1 to 2% w/v distilled water), corresponded to the
usual concentration used in production of bioplastic film
(Wang et al. 2010a; Benavides et al. 2012; Blanco-
Pascual et al. 2014; Crossingham et al. 2014; Liu et al.
2017). Sago starch was then incorporated in the polymer
blend owing to its good compatibility with alginate
(Siddaramaiah et al. 2008; Weerapoprasit and
Prachayawarakorn 2016), and the high production of sago
starch in the world at 25,000 kg ha™' year ' (Yamamoto
2015) which render lower stable price of sago starch in
the international market (FAO 2013).

Two-level FFD was used as the main statistical design in
this study owing to its efficiency in evaluating two or more
factors simultaneously, with the ability to detect interaction
effects (Mutuk and Mesci 2014). This design also permits
the study of all possible combinations of the factor values,
eliminating the confounding problem as shown in other de-
sign such as Plackett-Burman design or fractional factorial
design (Cavazzuti 2013). The addition of centre point in the
design was to detect any curvature presented in the model. In
cases of curvature p value was found to be significant, addi-
tional quadratic terms would be applied (Seyed Shahabadi and
Reyhani 2014). This was shown in response 4 (percentage of
water solubility), where the initial linear equation from two-
level FFD was not sufficient in explaining the experimental
data and the significant curvature.

A model is deemed to be well-fitted to the experimental
data if and only if its model p value is significant (p <0.05)
while the lack of fit is insignificant (p >0.05) (Yuan et al.
2015). The experimental data obtained for response 1 to re-
sponse 3 can be explained adequately with two-level FFD
based on the model and lack of fit p values. As for response
4, additional quadratic terms were needed due to the signifi-
cant curvature and lack of fit (p < 0.05) in the data. Therefore,
augmented CCD was performed. The interesting part about
augmented CCD was that the data obtained in two-level full
factorial design can be readily incorporated with the addition
of a small number of extra runs (the star points) to estimate the
probable curvature, where the experimenter does not require
to build a response surface methodology (RSM) design from
scratch (Rashvand et al. 2016). ANOVA was then done on the
model terms if all the assumptions of normality and
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homoscedasticity were proved. As a result, the data for re-
sponse 1, 2 and 3 were further transformed with the assistance
of Box-Cox transformation into other scales (response 1: base
10 log; response 2: square root; response 3: inverse square
root) (Osborne 2010).

Some model descriptors were then examined in order to
assess the quality of the fitted model. As stated in the
“Results” section, the model of response 1 (tensile strength)
has an adj-R* of 0.9171 and pred-R* of 0.8710. This implied
that the goodness of fit of the generated model was 91.71% on
the overall experimental data, and that 87.10% of the future
data can be predicted by this model (Hii et al. 2014). All the
other models (response 2, 3 and 4) were having adj-R* and
pred-R? higher than 0.8710 (Tables 4, 5 and 6), indicating that
their goodness of fit and prediction power were higher than
87.10%. This showed that the generated models were strong
in response prediction. CV of response 1 was 4.85%, which
was the percentage of ratio of standard deviation to mean of
the overall model (Karunanithy and Muthukumarappanm
2011). In general, the CV should be 10% or lower (Linko et
al. 1984). The CV achieved by all the models in this study
were generally lower than 9.45%, which suggested that the
models under this study are reliable (Hii et al. 2014). The
adequate precision achieved by all the models were higher
than 21.72. Adequate precision is the measure of signal to
noise ratio, where a larger ratio signified a better prediction
(preferably more than 4), for the permission to navigate the
design space (Karunanithy and Muthukumarappanm 2011).

Results from response 1 (tensile strength) and response 2
(percentage of elongation at break) suggested that the main
effect of sorbitol concentration plays a major role in affecting
the bioplastic film’s mechanical properties (negative effect on
tensile strength and positive effect on percentage of elongation
at break), on account of the close relationship of the two re-
sponses in inversely manner, although not necessarily (Rhim
2004; Olivas and Barbosa-Canovas 2008). Sorbitol is a type
of plasticiser from the polyol family which is compatible and
easily incorporated to the alginate and sago starch matrix
(Zhang and Han 2006). The hydroxyl (-OH) groups presented
in the structure of sorbitol were capable of forming hydrogen
bonds with water molecules, thus more water molecules tend
to be incorporated into the film matrix (Mali et al. 2005). Since
water is a natural plasticiser, it produces a plasticising effect
which could help in improving the mobility of the polymer
chain, and thus lowers the tensile strength while improving the
elongation of the film, complementing the similar findings in
this study (Karbowiak et al. 2006; Suppakul et al. 2013; Gao
etal. 2017).

Film water vapour permeability was recorded as the
amount of water vapour that was able to pass through a film
in a given time, based on the film’s thickness and the partial
pressure of the water vapour. Alginate loading was far more
significant on the water vapour permeability compared to
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other model terms with its 71.76% contribution, which might
be attributed to the hydrophilic nature of alginate molecules.
Alginate comprises of quite a number of hydroxyl and carbox-
yl group along its polymeric chain (Pawar and Edgar 2012;
Ibrahim et al. 2015). These functional groups help in promot-
ing the permeability of the film and rendered it ineffective as
moisture barrier (Rangel-Marron et al. 2013).

The percentage of water solubility of the film was recorded
as response 4 in this study. A closer look at the 3-D response
surface contour plot (Fig. 4) suggests that the effect of CaCl,
treatment was highly significant when sago starch was absent
from the formulation. When there was no CaCl, treatment, the
film dissolved completely in water. This might be contributed
by the highly hydrophilic nature of pure sodium alginate film
without Ca®* cross-linking (Rhim 2004; Fazilah et al. 2011).
The increase in CaCl, treatment concentration from 0 to 75%
(w/w) reduced the percentage of water solubility by at least
30%, most probably with the assistance of cross-linking of the
alginate polymeric chain without the interference from sago
starch. In the case where high level of sago starch loading was
used, there was decrement in the percentage of water solubil-
ity when the film was treated with high level of CaCl,, but not
as much as when pure alginate film was treated. This was most
probably attributable to the interaction of sago starch with
alginate, in which the hydroxyl groups of sago starch compete
with the Ca** ions in reacting with the carboxyl groups of
alginate (Siddaramaiah et al. 2008; Wang et al. 2010b;
Lopez et al. 2015). Therefore, the use of CaCl, treatment
solution improved the film’s integrity in water, but in a much
lower efficiency. As for film’s percentage of water solubility
in the condition where no CaCl, treatment involved, the in-
crease in sago starch concentration did improve the film’s
resistance to water. This was most likely because of the lower
solubility of sago starch in water compared to alginate
(Fazilah et al. 2011; Poeloengasih and Anggraeni 2014).
Studies have been done on several combinations of alginate
with secondary biopolymers, for instance cashew tree gum
(Azeredo et al. 2012a), pectin (Galus and Lenart 2013) and
lignin (Aadil et al. 2016).

Optimisation and validation experiments Derringer’s desir-
ability function was used in this study to perform a multi-
response optimisation. Multi-response optimisation is more
advanced compared to single-response optimisation be-
cause the output responses are to be optimised simulta-
neously (Alshaibani et al. 2014; Seyed Shahabadi and
Reyhani 2014; Yuan et al. 2015). There are some techniques
that can be used to perform such optimisation, but desirabil-
ity function is one of the most frequently applied strategies
(Raissi and Farsani 2009). Desirability function was used to
determine the combinations of factors that will produce fi-
nal products with “most desired” responses. This function
can combine the effect of multiple responses into a single
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response which goes by the term of “desirability function”
(d;) and the value will always be in between 0 to 1, with 1
being the most desired and 0 otherwise (Seyed Shahabadi
and Reyhani 2014). This function has the ability in assisting
the experimenter to select best conditions that can yield the
desired responses (Yuan et al. 2015) and multi-response
optimisation works in such a way that an experimental re-
gion and targets of optimisation must be first defined for the
software to search for combinations that fulfilled all the pre-
set criteria. Then, d; will be assigned to each of the possible
combinations. In this study, the boundaries of the experi-
mental region to search for the optimised solution were set
to be the lower and upper range of the factors.

The goal of optimisation in this study was to search for a
combination that can serve as an alternative to conventional
plastic bags, with high desirability. Mechanical properties
were considered to be one of the most important parameters
for plastic films (Harunsyah et al. 2017). In this study, the
optimisation target for the tensile strength (response 1) was
set to maximum with minimum level of elongation at break
(response 2) in the hope of increasing the resistance of tension
force since plastic bag was designed to contain and transport
goods (Rayne 2008). On the other hand, water barrier proper-
ties, i.e. water vapour permeability (response 3) and percent-
age of water solubility (response 4) were both set at the min-
imum target of optimisation, with the purposes to maintain the
film’s integrity when in contact with water, and to protect the
goods from water vapour.

The desirability function achieved by this solution was
0.8853, which implied that 88.53% of the set target can be
fulfilled. Further validation of the optimised combination re-
vealed that the percentage error for the responses was gener-
ally not greater than 3.21%. This suggested that optimisation
of the bioplastic film was completed, and that the developed
four models of tensile strength, percentage of elongation at
break, water vapour permeability and percentage of water sol-
ubility were able to explain and predict responses accurately
based on the factors. The comparison of all the properties
implied that the values acquired with the synthesised film in
this study was comparable to other alginate-based films re-
ported (Blanco-Pascual et al. 2014; Fazilah et al. 2011).

In conclusion, native alginate extracted from S. siliquosum
without formaldehyde pretreatment was found to be the most
suitable candidate for the synthesis of bioplastic film based on
its yield and molecular weight. This paper also demonstrated
the development of statistical models by two-level FFD and
augmented CCD. Significant effects of different factors on the
final properties of the synthesised bioplastic film were suc-
cessfully determined. Assumption of normality and homosce-
dasticity were achieved by each of the models, while linearity
of the data in response 1, 2 and 3 were verified with insignif-
icant p value of the curvature. Augmented CCD was applied
in addition to the two-level FFD on response 4 to

accommodate the significant p value of the curvature in the
data. Model adequacy of the developed model were within the
acceptable range, with the overall model p value <0.05 and
lack of fit p value > 0.05. Optimisation analysis revealed that a
bioplastic film with good tensile strength (33.90 MPa), low
percentage of elongation at break (3.58%), minimised level of
water vapour permeability (2.63 x107'° g Pa™' s' m™") as
well as percentage of water solubility (33.73%) could be pro-
duced by using the statistical model generated from the study.
Validation experiments indicated that the percentage errors
between predicted and experimental values were generally
below 3.21%. To the best of our knowledge, the present study
could be considered as the first multi-response statistical mod-
el developed for the synthesis process of bioplastic film from
S. siliquosum extract.
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