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Abstract
Foams composed of cassava starch, peanut skin, and glycerol were developed by thermal expansion process. A constrained 
mixture design was applied to evaluate the effect of components on flexural mechanical properties and water absorption 
capacity (WAC). The interaction between cassava starch and peanut skin exhibited a significant antagonistic effect in WAC. 
Effects of the concentration of cassava starch, glycerol and the interactions between cassava starch–glycerol and peanut 
skin–glycerol were significant to mechanical properties. Desirability function was applied to optimize the formulation in 
order to obtain less hydrophilic, more flexible and more resistant foams. Optimized formulation consisted of 23.71% (w/w) 
peanut skin and 12.68% (w/w) glycerol, based on solids content (cassava starch + peanut skin). Optimized foam showed 
experimental values similar to those predicted, validating the fitted models for defined constraints. This foam showed an 
important improvement in hydrophilicity indicated by a decrease in WAC, compared to cassava starch-based foams without 
peanut skin.

Keywords  Desirability function · Starch foams · Flexural mechanical properties · Hydrophilicity

Introduction

The use of petroleum-based polymers mainly for single-use 
packaging production has been generating concerns about 
the impacts on the environment since they are derived from 
non-renewable resources, have low biodegradability and, 
after use, are often disposed incorrectly. Based on these 
concerns, starch has been extensively studied focusing its 
use on the development of environmentally friendly pack-
aging and, in particular, foam packaging. Its application 
is due to be considered inexpensive, abundant, non-toxic, 
renewable and easily biodegradable material [1, 2]. On the 
other hand, hydroxyl groups in starch chains can result in 
a very hydrophilic porous material and, in wet conditions, 
physical and mechanical properties of starch-based materials 
can be impaired, which may compromise their applications 
[3, 4]. Besides water sensitive, starch itself is brittle. Then, 

plasticizers (usually glycerol and water) are commonly 
added into starch to improve the foam flexibility. Addition 
of plasticizer also enables the melting of a plasticized starch 
below its decomposition temperature, leading to a signifi-
cant improvement in starch processability as a thermoplas-
tic material [5]. Water acts as both plasticizer and blowing 
agent in the formation of starch-based foams [6]. The steam 
generated from the moisture of the dough acts as a blowing 
agent to form the foam inside the mold when the tempera-
ture is higher than the boiling point of water [6–9]. At the 
same time, water acts as a plasticizer as it gelatinizes starch 
and provides melt strength, enabling the expansion of the 
starch-based materials to form a foam structure [6]. A starch-
foamed material is formed when the starch gelatinizes and 
dries [3–5]. Several researchers reported also the addition of 
glycerol as a plasticizer to the development of starch-based 
foams. Some of them used 5% (w/w) of glycerol in foams 
with cassava starch and other additives, as crude or calcined 
fish scale powder, kaolin, commercial calcium carbonate, 
shrimp shell or eggshell powder, and in foams blending 
native cassava starch and citric acid modified cassava starch 
[9–12]. Authors related the addition of about 8% of glycerol 
in foams based only starch (potato, cassava or corn starch) 
[3] and 7.5% of this component used to the development of 
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foams based on sweet potato starch and sugarcane bagasse 
fiber [13] and 6.25% to the development of foam trays based 
on starches isolated from different Peruvian species [14]. 
Cruz-Tirado et al. [15] mentioned the use of 6.5% of glyc-
erol (used as plasticizer) to the development of foams tray 
based on sweet potato and sugarcane bagasse or asparagus 
peel. The concentration of 10% glycerol was used in foams 
based on cassava bagasse and polyvinyl alcohol (PVA) [16, 
17]. Some researchers used different glycerol concentra-
tion for control foam (based only starch) of 5% (w/w) and 
10% (w/w) for foam with additives (organically modified 
nanoclays, malt bagasse, and sugarcane fibers and montmo-
rillonite) [18–20]. The concentration of 4% (w/w) glycerol 
was reported for cassava starch-based foams with sunflower 
proteins and cellulose fibers [21]. There are many studies 
about the influence of glycerol in starch films but researches 
about the effect of this plasticizer in starch-based foams were 
not found in the literature. Based on this, it is important to 
clarify and to understand the effect of glycerol combined 
with starch and additives, in this case, peanut skin, to the 
development of the foams. Other additives have been used 
to the development of starch-based foams. The incorporation 
of cellulosic fibers, mainly with residual lignin content, can 
improve water resistance and overcome these limitations [4]. 
Studies have presented that incorporation of different addi-
tives improved the mechanical properties and water resist-
ance of starch-based foams, for instance, fish scale [10], 
eggshell [11], oil palm fiber and oil palm [22], concentrated 
natural rubber latex [23] and plant proteins (gluten and zein) 
[24]. Although enhancements in starch-based foams proper-
ties have been obtained, properties still need to be improved 
to increase the quality of these materials and broaden its 
application areas targeting to reduce the use of petroleum-
based materials [9].

An alternative to enhance the properties of starch-based 
foams is the use of agro-industrial waste, composed mostly 
of lipids, proteins, and fibers, which may act as reinforce-
ment and improve the hydrophilicity. Agro-industrial wastes 
have advantages of low cost, renewability, and abundance 
[10]. In this context, peanut skin would be an alternative 
to use as an additive in cassava starch foams to improve 
their properties. Peanut skin composition is approximately 
19% proteins, 10-20% lipids, 2% ashes, 18% fibers and 41% 
other carbohydrates [25]. The world’s peanut production 
in 2016–2017 was 44.86 million tons [26], being China 
the main producer followed by India and Nigeria. Most of 
the peanut production is destined to the peanut processing 
industry, where after shelling the kernel, the inner red color 
skin of the peanut is normally removed for preparing mainly 
peanut snacks and roasted peanut [27]. Peanut skin is the 
nontoxic pink–red layer that covers the peanut and is the 
primary residue of peanut processing, which represents less 
than 3% of peanut weight [28]. It is estimated that 35–45 g 

of peanut skin are generated per kg of peanut kernel [27, 
29, 30]. Hence, based on the current world in-shell peanut 
production, the world generation of peanut skin can be esti-
mated to about 1 million tons annually [25, 31]. This by-
product has limited applications in the industry due to low 
commercial value and the use of peanut skin in animal feed 
is limited to a minor component due to their high content 
of tannins and low-calorie level [27, 28]. So, it is generally 
discarded or used as low-cost fillers in animal feed [27]. 
Previous studies reported that the addition of peanut protein 
isolate in pea starch films at a determined level improved 
flexibility and decreased the water vapor permeability 
and water–vapor transmission rate [32]. To the best of our 
knowledge, there are no studies about the preparation and 
characterization of cassava starch-based foams using peanut 
skin as an additive. Peanut skin may be a potential additive 
for use in starch-based foams since more than 60% of its 
composition comprising lipids, proteins, and lignocellulosic 
fractions. The use of lignocellulosic fibers as an additive in 
starch-based foams can reduce the rigidity and improve the 
biodegradability of the material [19, 20, 33]. Furthermore, 
biodegradable polymers are expensive and therefore raise 
the cost of foam products [34]. In this manner, the use of 
agro-industrial waste could reduce the cost of these foams, 
besides it could add value to this by-product.

The objective of this study was to develop cassava 
starch–peanut skin based foams by thermal expansion, using 
a constrained mixture design to evaluate the influence of 
cassava starch, peanut skin and glycerol concentrations on 
the mechanical properties and water absorption capacity of 
these foams.

Materials and Methods

Materials

Foams were obtained using native cassava starch (Fritz e 
Frida, Brazil) with 26% amylose content and 12% moisture. 
Peanut skin was kindly provided by a local company. The 
peanut skin samples were milled in a knife mill (MF 10 
Basic, IKA, Germany) to obtain particles size of approxi-
mately 2.0 mm. This raw material was held at − 18 °C 
prior to the use. The composition of peanut skin used is 
5.5 ± 0.0% of moisture, 2.1 ± 0.1% of ashes, 26.7 ± 0.4% 
of lipids, 18.1 ± 0.1% of protein, 15.8 ± 0.0% of cellulose, 
17.2 ± 0.3% of hemicellulose and 14.2 ± 0.6% of lignin. 
Glycerol (Dinâmica Química Contemporânea, Brazil) was 
used as plasticizer and water as blowing agent. Guar gum 
and magnesium stearate (Êxodo Científica, Brazil) were also 
added to prevent the settling of solids and as a release agent, 
respectively.
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Development of the Foams

The foams were obtained from different formulations 
according to the mixture design (Table 1). All components 
were mixed for 10 min with a mechanic stirrer (Fisatom 
713, São Paulo/SP, Brazil). The addition of a certain mass 
of water (g) was required to maintain the viscosity of the 
batter in the same range for all formulations (determined 
based on preliminary studies, data not shown). Besides, 1 
wt% of guar gum and 1 wt% of magnesium stearate were 
added in all formulations. Thereafter, portions of doughs 
were layered on a pre-heated Teflon mold with cavities 
(100 mm × 25 mm × 3 mm). In each cavity, there are 
slits to allow the steam to escape from the mold and dry 
the formed foam samples [35]. The mold was placed on a 
hydraulic press (Solab SL 11, Brazil), and kept on it for 
8 min at 180 ± 10 °C to the thermal expansion process to 
occur. These parameters were based on the data presented 
in other researches [8] and our previous work [36]. Foams 
produced were cooled for 5 min at room temperature and 
unmolded. Finally, they were stored at room temperature at 
53 ± 5% relative humidity for 7 days before characterization.

Mixture Design

A three-component constrained mixture design with two 
center points replications was applied to the development of 
the foams. A mixture design approach was adopted to evalu-
ate the effect of the proportion of the components on foam 
properties. Since previous studies were not found evaluating 
the peanut skin use to the development of foams, it is neces-
sary to understand the combined effect of this additive with 

glycerol and cassava starch. The mixture design approach 
is suitable for mixtures where any change in one variable 
must be accompanied by a proportional change in the others, 
which is a typical situation to chemical formulations, as for 
example to the development of materials where the propor-
tion of each component is more relevant than its individual 
quantity.

The use of the constraints on experimental space gen-
erally changes the original size and shape of the simplex 
space. In order to reduce the poor conditioning of the formed 
irregular region, the original scale was reduced. This can 
be achieved by combinations of the original components, 
the so-called pseudo-components, to simplify the project by 
redefining the coordinates of mixtures related to the experi-
mental space effectively studied [37, 38]. The restrictions for 
each component (based on preliminary tests, data not shown) 
were cassava starch (56–95 wt%), peanut skin (2–40 wt%) 
and glycerol (2–20 wt%). The pseudo-components were cal-
culated as follow:

where xi = pseudo-component and Ci = real concentration.
The three-component mixture design (in real concentra-

tions and pseudo-components) is presented in Table 1.

x1 =
Cstarch − 0.56

0.4

x2 =
Cpeanutskin − 0.02

0.4

x3 =
Cglycerol − 0.02

0.4

Table 1   Mixture design for 
foams preparation containing 
cassava starch, peanut skin, and 
glycerol as main components, in 
real proportions and in terms of 
pseudo-components

Samples Proportion of the components in the mixture

Real concentration Pseudo-components

Cassava 
starch (wt%)

Peanut 
skin (wt%)

Glycerol (wt%) Cassava 
starch (x1)

Peanut skin (x2) Glycerol (x3)

1 95.0 2.0 3.0 0.975 0.000 0.025
2 56.0 40.0 4.0 0.000 0.950 0.050
3 95.0 3.0 2.0 0.975 0.025 0.000
4 58.0 40.0 2.0 0.050 0.950 0.000
5 56.0 24.0 20.0 0.000 0.550 0.450
6 56.0 32.0 12.0 0.000 0.750 0.250
7 95.0 2.5 2.5 0.975 0.012 0.012
8 86.5 2.0 11.5 0.763 0.000 0.238
9 57.0 40.0 3.0 0.025 0.950 0.025
10 76.5 21.5 2.0 0.513 0.488 0.000
11 67.0 13.0 20.0 0.275 0.275 0.450
12 73.0 18.5 8.5 0.425 0.413 0.163
13 73.0 18.5 8.5 0.425 0.413 0.163
14 73.0 18.5 8.5 0.425 0.413 0.163
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The Statistica 7.0 software (StatSoft 2004) was used to 
generate the experimental design and the mathematical mod-
els from the dependent variables and for construction of the 
contour plots. The quadratic model (Eq. 1) was adjusted to 
describe each result.

where y is the dependent variable, β are parameters esti-
mated for each linear and cross-product term of the model 
and Xi is the concentration of each component. The sub-
scripts 1, 2 and 3 are related to cassava starch, peanut skin, 
and glycerol concentrations, respectively.

The models were subjected to analysis of variance 
(ANOVA) to assess the level of significance (p value), the 
coefficient of determination (R2) and the lack of fit of the 
model.

Optimization and Validation of the Models

Derringer function or desirability function was applied for 
optimization of the independent variables (cassava starch, 
glycerol, and peanut skin) based on five responses (flex-
ural stress, flexural strain, modulus of elasticity, and water 
absorption capacity for 1 and 30 min). Desirability func-
tion is a simultaneous optimization technique based on 
transforming each response into a dimensionless individual 
desirability scale (di) ranging between 0 and 1 [39, 40]. The 
response considered completely undesirable is indicated by 
d = 0 and d = 1 indicates a fully desirable response. The over-
all desirability function (D), which is the effect of combined 
responses, was obtained by calculating the geometric mean 
of individual desirability value ( D = m

√
d1d2 … .dm, where 

m = number of response analyzed). Thus, the simultaneous 
optimization process is reduced to find the levels of factors 
that demonstrate the maximum overall desirability [41].

For validation of the fitted models, foams were developed 
using the optimum value for each component. The proper-
ties of foams produced, in two batches, were determined to 
validate the optimized formulation. The absolute error was 
calculated based on Eq. (2).

Mechanical Properties

Mechanical properties of the foams were determined by 
flexural tests using a texturometer (TA.XT SMS, UK) with 
a 50 N load cell. Flexural tests were performed using a three-
point bending method, according to ASTM D790-02 [42] 
with adaptations. Assays were conducted using a span set-
ting of 48 mm, and samples were allowed to deform until the 
break. The corresponding values of flexural stress, flexural 

(1)
y = �1X1 + �2X2 + �3X3 + �12X1X2 + �13X1X3 + �23X2X3

(2)

Absolute error(%) =
|
|
||

Experimental value − Predicted value

Predicted value

|
|
||
× 100

strain, and modulus of elasticity were calculated from the 
obtained data. The flexural mechanical properties were also 
determined for commercial EPS (expanded polystyrene) 
samples.

Water Absorption Capacity

Water absorption analysis was performed according to the 
Cobb method described in NBR NM ISO 535:1999 [43] 
with modifications. This method consists of determining the 
increase in sample mass after direct contact on one side with 
water. Briefly, previously weighed samples were placed in 
contact with 100 mL of distilled water for 1 and 30 min. 
After removing the water excess using tissue paper, the sam-
ples were weighed again. Foam water absorption capacity 
was determined as the water absorbed quantity (g) per 100 g 
of the original sample. Assays were conducted at least in 
quadruplicate. The water absorption capacity of both the 
control and the optimized foams was determined for 1, 5, 
10, 20 and 30 min.

Morphology

The cross-section morphology of the foams was examined 
using a scanning electron microscopy (SEM) (JEOL JSM 
6060) with an acceleration voltage of 5 kV. Foam samples 
were mounted on aluminum stubs using double-sided tape 
and coated with gold to acquire the images.

Attenuated Total Reflectance‑Fourier Transform 
Infrared (ATR‑FTIR)

The chemical interaction between the components of the 
formulations was analyzed using a Fourier transform infra-
red (FTIR) spectrometer (Perkin Elmer) in the wavenumber 
range of 4000–650 cm−1. The analysis was conducted for 
only cassava starch-based foam with 12.68% (w/w) of glyc-
erol (concentration determined by optimization) and without 
plasticizer, and foam developed with the concentration of 
peanut skin determined by desirability function also with 
and without glycerol addition. Foam samples were pulver-
ized with a mortar and pestle and dried at 105 °C for 24 h 
before the analysis.

Results and Discussion

Results of Experimental Design and Related 
Statistical Analysis

The mixture design was used to analyze the interactions 
between the main components (cassava starch, peanut skin, 
and glycerol) of the formulations and their effects on foams 
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properties. The averaged properties of the starch-based 
foams obtained from 14 formulations are given in Table 2. 
The concentration of peanut skin and glycerol was calculated 
based on solids weight (cassava starch + peanut skin) to a 
better comparison with data from the literature.

Regarding the mechanical properties obtained by flex-
ural tests, the foam developed from central point formula-
tion showed the greatest flexural stress. This formulation 
was composed of intermediate concentrations of peanut skin 
and glycerol, 20.2 and 9.3% (w/w) based on solids weight, 
respectively. Formulations 5 and 11 with higher glycerol 
concentration (25%, w/w based on solids weight) combined 
with 16.3 and 30% of peanut skin resulted in less resistant 
(1.5 and 1.9 MPa, respectively) but more flexible (2.8%) 
foams. Besides, these formulations showed lower modu-
lus of elasticity (93 e 119 MPa, respectively). On the other 
hand, foams developed from formulations 4 with lower 
glycerol concentration (2%, w/w based on solids weight) 
and higher peanut skin concentration (40.8%, w/w based 
on solids weight) exhibited lower strain (0.8%) and higher 
modulus of elasticity (520 MPa). The formulation 2 contain-
ing 2% (w/w) of glycerol and 41.7% (w/w) of peanut skin, 
based on solids weight, also resulted in foams with lower 
strain (0.8%). The results observed are in agreement with 
the plasticizer effect of glycerol. The addition of plasticizer, 
in a certain concentration, can reduce intermolecular forces, 
which reduce internal hydrogen bonds, increasing the mobil-
ity of polymeric chains and intermolecular spacing [44–46]. 
Consequently, it occurs an improvement of flexibility and a 
reduction of the fragility of the foams, that can be observed 
by increasing the strain associated with a decrease of the 
modulus of elasticity.

The water absorption capacity of the foams ranged from 
11 to 25% after 1 min of water contact and, of 51–152% 
after 30 min. Foams developed from formulations contain-
ing low concentrations of peanut skin and glycerol, 2.6% 
(w/w) based on solids weight for both components, exhib-
ited higher water absorption capacity for the analyzed times 
(1 and 30 min). Formulations with 30% (w/w) of peanut 
skin and 25% (w/w) of glycerol resulted in foams with lower 
WAC, 11 ± 1%, for 1 min of water contact. For 30 min, the 
lower WAC, 51 ± 6%, was obtained for foam containing 
41.7% (w/w) of peanut skin and 4.2% of glycerol (w/w), 
based on solids weight. The results suggest the influence of 
peanut skin addition on WAC of the foams since the addition 
of higher concentration of peanut skin decreased the foams 
hydrophilicity, independent of glycerol concentration used in 
the formulation analyzed. The water absorption reduction by 
peanut skin addition may be related to the hydrophobic effect 
mainly due to lipids and protein fractions in the composition 
of this agro-industrial residue, as described in “Materials” 
section. Machado et al. [36] observed a decrease in WAC 
with the addition of sesame cake in cassava starch-based 

foams. This result was related mainly to the composition of 
26.8% lipids and 38.06% proteins. Researchers found that 
the addition of lipids combined or not with other compo-
nents, such as palm oil [24], beeswax, kaolin and corn husk 
fiber [34], and sugarcane fiber and oregano essential oil [47], 
results in a decrease of hydrophilicity of the foams. The 
presence of proteins also can reduce the hydrophilicity of 
the foams. During the gelatinization, the exposure of the 
hydroxyl groups of starch increases and this exposed groups 
may interact with the free sulfidryl (SH) groups of proteins 
[32]. The heating process can alter the three-dimensional 
structure of the proteins and expose SH free groups and side 
hydrophobic chains [32, 48, 49]. In addition, interactions 
between peanut skin, cassava starch, and glycerol may have 
reduced the availability of polar groups, resulting in foams 
less susceptible to water affinity.

The regression coefficients of the quadratic models 
adjusted for each response variable analyzed, as well as the 
analysis of variance (ANOVA) are shown in Table 3. Quad-
ratic models fitted the experimental data for the response 
variable analyzed (flexural stress, flexural strain, modulus 
of elasticity and water absorption capacity for 1 and 30 min) 
between the constraints defined for each component of the 
mixture design. According to the analysis of variance, quad-
ratic models was significant (p ≤ 0.05) and the lack of fit was 
not significant for all models adjusted (p ≤ 0.05). The coef-
ficient of determination (R2) ranged from 0.8480 to 0.918, 
suggesting the adjusted models are adequate to predict the 
analyzed parameters between the restrictions considered.

The effects of the content of cassava starch and glycerol 
and the interaction between cassava starch and glycerol were 
significant for flexural stress. The concentration of glycerol 
had a negative (antagonistic) linear effect on flexural stress, 
i.e., an increase of glycerol concentration decreases the foam 
resistance, for the analyzed range. The results are in accord-
ance with the plasticizer effect of glycerol as aforemen-
tioned. On the other hand, cassava starch concentration and 
the interaction between starch and glycerol had a positive 
(synergistic) effect, increasing a foam resistance.

The relationship between the parameters (cassava 
starch, peanut skin, and glycerol concentration) and 
the responses for mechanical properties is illustrated as 
response surface plots generated by the model (Fig. 1). 
In Fig. 1a it can be observed more resistant foams were 
obtained from formulations around the central point, 
which correspond to a low glycerol concentration and 
intermediate concentrations of both the peanut skin and 
cassava starch. The increase in flexural stress until deter-
mined concentration of peanut skin could be associated 
with the interfacial interaction between the additive and 
the polymeric matrix. High concentration of peanut skin 
can result in weakness point and lack homogeneity in 
the polymeric matrix resulting in a decrease of the foam 
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resistance [50]. The improvement on flexural strength in 
peanut skin presence can be associated with their com-
position, mainly due to the presence of lignin, which can 
improve the mechanical properties [51].

The concentration of cassava starch and glycerol and 
the interactions between starch and peanut skin, starch and 
glycerol, and peanut skin and glycerol showed a significant 
effect in the flexural strain of the foams. The concentration 

Table 3   Regression coefficients 
of the response variables and 
analysis of variance of the 
quadratic models

β1 cassava starch, β2 peanut skin, β3 glycerol, β12 interaction cassava starch × peanut skin, β13 interaction 
cassava starch × glycerol, β23 interaction peanut skin × glycerol
*p < 0.05

Coefficients Response variables

Flexural 
stress 
(MPa)

Flexural strain (%) Modulus of 
elasticity 
(MPa)

WAC​
1 min (%)

WAC 30 min (%)

β1 3.82* 0.0127* 332.0* 0.2536* 0.8852*
β2 − 7.38 − 0.0363 434.1 0.5301* 4.7935*
β3 − 89.85* 0.5325* − 9192.0* − 0.3208 − 9.9999
β12 17.54 0.0692* − 311.5 − 0.9543* − 8.0661*
β13 108.94* − 0.5663* 10,290.0* 0.4810 16.6855
β23 90.02 − 0.4843* 11,591.2* − 0.2934 2.4879
p Value (model) 0.0040 0.0000 0.0001 0.0000 0.0020
Lack of fit (p-value) 0.2314 0.8876 0.1179 0.5514 0.2203
R2 0.8480 0.9691 0.9718 0.9687 0.9308

Fig. 1   Response surfaces of the mechanical properties of the foams, in terms of pseudo-components: a flexural stress, b flexural strain and c 
modulus of elasticity. The data points delimit the experimental area
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of cassava starch, glycerol and the interaction between starch 
and peanut skin showed a synergistic effect on foams flex-
ibility. An increase in a glycerol concentration resulted in a 
higher strain, for the analyzed region. This result also can be 
associated with the plasticizer effect of glycerol and it is in 
agreement with that found for the flexural stress. The syn-
ergistic effect of cassava starch and the interaction between 
cassava starch and peanut skin suggest a possible stress 
transfer between phases caused by the adhesion via hydro-
gen bonds among the starch molecules and between peanut 
skin and starch molecules. Sanhawong et al. [23] found the 
addition of cotton fibers in starch biofoams resulted in a sig-
nificant increase in the flexural strength and a slight increase 
in the elongation at break, compared to the foams without 
the presence of the reinforcement material.

In Fig. 1b is shown the response surface for the flexural 
strain. The greatest elongation values were obtained for high 
glycerol concentrations and intermediate concentrations of 
cassava starch and peanut skin. The response surface for the 
modulus of elasticity is presented in Fig. 1c. Similarly to that 
observed for the response surface for flexural stress, higher 
modulus of elasticity was found to the formulations with 
lower glycerol concentrations and intermediate concentra-
tions of cassava starch and peanut skin.

Regarding water absorption capacity for contact time with 
water of 1 and 30 min, the effect of concentration of cassava 
starch and peanut skin and the interaction between these 
components were significant. The concentration of cassava 
starch and peanut skin had a linear positive effect in water 
absorption capacity of the foams (Fig. 2a, b). This could be 
associated with the intrinsic hydrophilicity of these com-
ponents, as well as the availability of hydroxyl groups, due 
to their compositions, to bond with water molecules. The 
interaction between cassava starch and peanut skin had an 
antagonistic effect, suggesting this interaction decreases the 
water absorption capacity. This result is an agreement with 

that found for mechanical properties, as discussed previ-
ously. The interaction via hydrogen bonds between cassava 
starch and peanut skin could result in the stabilization of 
the hydrophilic starch matrix, in addition to the reduction 
of polar groups available to bonding with water molecules. 
Thus, the interaction between these components, besides 
improving the flexibility of the foams, can cause the reduc-
tion of the hydrophilicity of these materials. The lower water 
absorption capacity values for water contact of 1 and 30 min, 
were obtained for foams developed from formulations with 
higher peanut skin concentration and lower concentration of 
cassava starch and glycerol (Fig. 2a and b).

Estimation of Optimal Design Conditions 
by the Desirable Function Method

From the experimental design, it was possible to use the 
optimization tool for multiple answers employing the desir-
ability function of Statistica software. The optimization 
criteria considered for the response variables analyzed are 
described as follow: maximize the flexural stress of the 
foams to obtain more resistant materials; maximize the 
flexural strain to develop foams more flexible; intermediate 
values were considered for modulus of elasticity to avoid 
foams rigid and brittle; and minimize the water absorption 
capacity to obtain foams with low affinity for water, i.e., to 
obtain foams with low hydrophilicity.

The desirability function profile is shown in Fig.  3, 
where the graphics relate the response variables with the 
three independent variables (cassava starch, peanut skin, and 
glycerol concentration) to obtain the desirability function. 
The values of the vertical axis in the right side correspond to 
minimal, media and maximal value observed experimentally 
for the responses evaluated (flexural stress, strain, modulus 
of elasticity and water absorption capacity). The blue hori-
zontal lines in the graphs correspond to the optimal value 

Fig. 2   Response surfaces of the water absorption capacity of the foams, in terms of pseudo-components, for different contact times of: a 1 min, 
b 30 min. The data points delimit the experimental area
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for the response variables. The blue horizontal dashed lines 
in the last line of graphs correspond to the overall desirabil-
ity value. The red vertical dotted lines indicate the optimal 
value for each independent variable. In the last column, the 
graphs represent the desirability profiles for the responses 
according to the optimization criteria adopted, in which “0” 
is the undesirable value and “1” is the fully desirable value 
for the optimization.

After optimizing the mixture (Fig. 3), the formulation 
to develop foams with a better combination of properties 
(according to the criteria considered) was composed of 
0.677 cassava starch, 0.21 peanut skin, and 0.113 glycerol. 
This composition corresponds to 23.71% (w/w) peanut skin 
and 12.68% (w/w) glycerol based on solids weight (cassava 
starch + peanut skin). The concentration of peanut skin and 
glycerol was calculated based on solids weight (cassava 
starch + peanut skin) to better comparison with data from 
the literature.

The validation of models proposed was done to check 
their adequacy by comparing predicted and experimental 

values (Table 4). The properties of the foam named as con-
trol (developed without peanut skin and with the addition of 
12.68% (w/w) glycerol, concentration determined by opti-
mization) to the comparison, are also presented in Table 4. 
The experimental values were similar to predicted values, 
indicating the adequacy of the fitted models. The absolute 
residual error was found to be within the range of 0.61–6.74, 
confirming that the models were satisfactory. Thus, the pro-
posed models could be used to predict the flexural mechani-
cal properties (flexural stress, flexural strain, and modulus 
of elasticity), and the water absorption capacity in 1 and 
30 min, within the constraints determined in this study.

The flexural stress and modulus of elasticity for optimized 
and control foam did not present significant difference. How-
ever, the optimized foam showed a significant decrease in 
flexural strain compared to control foam. Based on the lit-
erature data, flexural strength and strain of the optimized 
foams were higher than cassava starch-based foams with 
the addition of 10% crude or calcined fish scale, which pre-
sented flexural stress of 1.04 and 1.54 MPa, and flexural 

Profiles for Predicted Values and Desirability
Cassava starch

3.85

6.00
Peanut skin Glycerol Desirability

0.
.5

1.

1.54
3.17
4.79

Fl
ex

ur
al

St
re

ss
 (M

Pa
)

0.
.5

1.

.0162

.0350

0.
.5

1.

.0080

.0179

.0279

Fl
ex

ur
al

St
ra

in

0.
.5

1.

255

700

.5
1.

0.

93
306
520

M
od

ul
us

 o
f

el
as

tic
ity

 
(M

Pa
)

.5
1.

0.

.1524

.3000

1.
.5

0.

.1142

.1803

.2464

W
AC

 - 
1

m
in1.

.5
0.

.6582

1.800

1.
.5

0.

.5071
1.013
1.519

W
AC

 - 
30

m
in1.

.5
0.

.56 .677 .95

.689

.02 .210 .4 .02 .113 .2

D
es

ira
bi

lit
y

Fig. 3   Profiles for predicted values and desirability of the response variables



2233Journal of Polymers and the Environment (2019) 27:2224–2238	

1 3

strain of 0.87 and 1.19%, respectively [10]. The addition 
of 5–15% of gluten or zein in cassava starch-based foams 
resulted in a flexural strength range of 1.5–3.8 MPa and 
1.9–4.2 MPa, respectively [24]. The optimized foams in 
this study presented similar flexural strain to cassava starch 
foams developed with 2.5% (v/w) of concentrated natural 
rubber latex and 6% (w/w) of cotton fiber, which was 1.7% 
[23]. However, these foams were less resistant than the opti-
mized foams obtained in the present study. Commercial EPS 
samples presented flexural stress, strain, and modulus of 
elasticity of 0.97 ± 0.07 MPa, > 5%, and 46 ± 6 MPa, respec-
tively. The optimized foams showed higher flexural stress 
and modulus of elasticity and lower flexural strain than the 
tested commercial EPS samples. Therefore, the optimized 
foams obtained in this study were more resistant but less 
flexible and more brittle than EPS samples.

Water absorption capacity for optimized foam was sig-
nificantly lower than control foam for both times analyzed. 
This result is in accordance with that described previously 
since the presence of peanut skin contributes to the decrease 
of hydrophilicity of the foams. The reduction of the water 
affinity could be associated with the composition of this raw 
material and their interaction with cassava starch. The inter-
action between cassava starch and peanut skin may have 
reduced the availability of OH groups to bonds with water. 
Besides, the presence of 26.7 ± 0.4% lipids, 18.1 ± 0.1% pro-
tein and 14.2 ± 0.6% lignin in peanut skin may contribute 
to the decreasing the hydrophilicity of the foams. Salgado 
et al. [21] associated the protein presence with the reduction 
of water sensitivity of the foams and changes on the effect 
of the cellulosic fibers. These authors found the addition 
of 10–20% of cellulosic fibers increased water absorption 
of cassava starch-based foams, whereas in the presence of 
sunflower protein they did not observe an increase in WAC 
of the foams with fiber addition. The incorporation of lig-
nocellulosic fibers, especially if they contain residual lignin 
also can improve water resistance [4]. Ketkaew et al. [47] 
observed WAC ranged between 257 and 324% after 30 min 
of immersion for foam composite based on cassava starch, 

10 wt% sugarcane fiber and 0–8 wt% oregano essential oil; 
whereas Bergel; Luz; Santana [3] found more than 100% of 
water absorption for foams based in different starch sources 
(potato, corn, and cassava) with chitosan coating after 
30 min of water immersion. Figure 4 shows the WAC of 
control and optimized foams for 1, 5, 10, 20 and 30 min. The 
WAC of control foam rapidly increases with time whereas 
the increase of water absorption of optimized foam was 
lower. Vercelheze et al. [52] mentioned the increase in water 
absorption at initial times is related to the porosity of the 
materials, whereas the increase with time might be related to 
absorption by starch itself. In this way, the decrease of water 
absorption of the optimized foams may be due to the pea-
nut skin composition and to the decrease of the amount of 
starch in this formulation. Besides, the optimized foam did 
not present a significant increase in WAC between 20 and 
30 min, while WAC of control foam continued to increase. 
Considering the results obtained and that found in the litera-
ture, peanut skin can be a potential additive for starch-based 
foams, resulting in improvements mainly in water absorption 
capacity and flexural mechanical properties.

Table 4   Predicted and experimental values of developed foams properties

* Predict and experimental values for foams developed from formulation determined by desirability function (optimized formulation)
** Foams developed from formulations without peanut skin addition and with the addition of the same concentration (based on starch weight) of 
the optimal formulation
Different small letters in the same column indicate significant statistical difference between the means

Sample Flexural stress (MPa) Flexural strain (%) Modulus of elastic-
ity (MPa)

WAC​
1 min (%)

WAC​
30 min (%)

Predict values by model* 3.9 ± 0.3 1.6 ± 0.1 255 ± 36 15 ± 1 66 ± 12
Experimental value* 3.9 ± 0.5a 1.6 ± 0.3b 276 ± 43a 15,2 ± 2.7b 67.1 ± 6.7b

Absolute error 0.61 1.03 6.74 3.87 1.04
Control** 4.2 ± 0.7a 2.2 ± 0.5a 252 ± 44a 23.9 ± 2.0a 245 ± 57a
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foams for water immersion time of 1, 5, 10, 20 and 30 min. Differ-
ent small letters indicate significant difference (p < 0.05) between the 
times analyzed for the same foam
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Figure 5 shows the morphology of the cross-section of 
the control and optimized foams. The peanut skin addition 
resulted in fewer voids and increased cell size in the center 
of the foams. This result suggests the reinforcement effect 
of peanut skin on cell formation. The peanut skin acted sup-
porting the growth of the cells during the nucleation and 
growth of the bubbles, resulting in bubbles more resistant 
to collapse due to water evaporation during the thermal 
expansion process. The optimized foams exhibited denser 
outer skin than control foam. This property coupled with the 
interaction between peanut skin and cassava starch may have 
provided the reduction of the foams hydrophilicity. Vargas-
Torres et al. [53] found the addition of plantain flour and 
wood fiber in chayotextle starch foams caused an increase 
in cell wall thickness compared to control foam. This struc-
tural view was associated with the increase of hydrophobic 
character of the foams.

Cassava Starch, Peanut Skin, and Glycerol 
Interactions

The chemical interactions between polymers blended with 
additives generally are investigated by the change in the 
characteristic band due to hydrogen bond or dipolar interac-
tion [22]. In order to identify potential interactions between 
cassava starch, peanut skin, and glycerol, FTIR spectra of 
the foam developed from optimized formulation and control 
foam are shown in Fig. 6. The FTIR spectra of starch-only 
foam and foam containing peanut skin without glycerol are 
also included for comparison purpose.

Bands observed at 1077 and 1148 cm−1 correspond to 
C–O stretching of the C–O–H group [34, 54]. The absorp-
tion band at 990–994 cm−1 correspond to C–O stretching of 
the C–O–C group in the anhydroglucose ring and bands at 
2922–2924 cm−1 are associated to C–H stretching [34, 54]. 
Bands located at 1165–990 cm−1 are a typical region of sac-
charides [55]. In the spectra of the foams containing peanut 
skin was observed bands at 1745 cm−1, which may be due 

to C=O stretching of acetate groups in hemicellulose and 
cellulose of this raw material [56].

The main changes observed in foams spectra were related 
to the characteristic band (3000–3600 cm−1) associated with 
free, inter- and intra-molecularly bound hydroxyl groups 
(OH). In order to better visualization of these changes, spec-
tra detailed in a range of 2800–3800 cm−1 for the foams are 
shown in Fig. 7.

In spectra of foam containing peanut skin and with-
out glycerol, the corresponding band was broadened and 
shifted to higher wavenumber (3325.09 cm−1) compared 
to the spectra of the control foam without the plasticizer 
(3308.16 cm−1). This shift may indicate a weakening of the 
intra-intermolecular hydrogen bond between starch mole-
cules [34]. This result suggests an increase in chain mobility 
with peanut skin addition. On the other hand, the glycerol 
addition shifted the band to a lower wavenumber: the band 
of foams containing peanut skin shifted from 3325.09 to 
3307.96 cm−1 and for control foam, from 3308.19 to 3296.5 
cm−1. The shifts to a lower wavenumber suggest the addition 
of glycerol resulted in an increase in intermolecular hydro-
gen bonding. The displacements of the FTIR bands are in 
agreement with the results observed for the flexural strain of 
the foams by the proposed model (Table 3). The regression 
coefficient (Table 3) related to cassava starch–peanut skin 
interaction indicated a synergistic effect in flexural strain, as 
it also can be observed in Fig. 1. This result was confirmed 
by the displacement of the FTIR band to higher wavenum-
bers, suggesting an increase in chain mobility with peanut 
skin addition, as aforementioned. Results showed cassava 
starch–peanut skin interaction can improve the flexibility 
of the foams.

Conclusion

The proposed design of constrained surfaces and mixture 
was satisfactory for evaluating the influence of cassava 
starch, peanut skin and glycerol concentrations, as well, 

Fig. 5   Scanning electron micro-
graphs (SEM) of cross-sections 
of starch-based foams: a control 
foam and b optimized foam. 
Magnification: × 30
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their interactions on the flexural mechanical properties and 
water absorption capacity for 1 and 30 min of the foams. 
The cassava starch–peanut skin interaction contributed to 
the reduction of water absorption capacity of the foams. The 
optimized formulation was composed of 23.71% (w/w) of 
peanut skin and 12.68% (w/w) of glycerol, based on solids 
weight (cassava starch + peanut skin). The response vari-
ables were analyzed for foams developed from optimized 
formulation and the experimental values were similar to 

predicted values by the model. These results can validate 
the models for the constraints determined. Foams developed 
from optimized formulation showed an important improve-
ment in water affinity compared to foam without peanut skin 
addition. Thus, peanut skin can be a potential additive for 
developing starch-based foams with lower hydrophilicity. 
Further studies are conducted to improve the water stability 
of these foams.

Fig. 6   FTIR spectra for the 
sample foams: control foam 
without glycerol (Control—
0GLY), control foam with 
12.68% (w/w) of glycerol 
(Control—12.68GLY), foam 
developed with the concentra-
tion of peanut skin determined 
by desirability function, but 
without glycerol addition 
(Optimized foam—0GLY) and 
foam developed from optimized 
formulation (Optimized foam—
12.68GLY)
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