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A B S T R A C T

The results of a recent study on starch-based films of improved cassava varieties show that these films have poor
barrier properties and lower mechanical strength. Thus, for some applications, improving their resistance to
breaking forces is a key factor in making their use possible and sustainable. In this study, to the starch of two
improved varieties of cassava (Yavo and TMS), combined with peanut oil, soybean lecithin, glycerol was added
microcrystalline cellulose (MCC) at 0, 7, 15 and 30 %. The addition of microcrystalline cellulose has resulted in an
increase in the opacity (223.91 nm.UA to 425.33 nm.UA for Yavo and 251.42 nm.UA to 434.51 nm.UA for TMS),
tensile strength (7.15 MPa–10.99 MPa for Yavo and 7.77 MPa–13.18 MPa for TMS), and Young's modulus (331.29
MPa–1351.08 for Yavo and 343.79 MPa–1476.08 MPa for TMS) of films. However, MCC induced a decrease in
moisture content (15.99 %–11.43 % for Yavo and 14.24 %–10.66 % for TMS), water solubility (24.84 %–20.61 %
for Yavo and 24.15 %–19.36 % for TMS), elongation at break (22.75 %–1.31 % for Yavo and 21.25 %–1.19 % for
TMS) and water vapour permeability (WVP) (1.98 � 10�11 to 1.39 � 10�11 g Pa�1. s�1.m1 for Yavo and 1.93 �
10�11 to 1.29 � 10�11 g Pa�1. s�1.m1). The MCC has also produced yellowish-coloured films. MCC has been
shown to be effective in improving starch-based films of improved cassava varieties Yavo and TMS. These two
varieties can be used in combination with MCC to produce food packaging.
1. Introduction

Cassava (Manihot esculenta Crantz) is one of the most important food
crops in the humid tropical zone and the second most important food
crop in Côte d'Ivoire after yams, with an estimated production of 5.367
million tonnes in 2017 (FAO, 2018). In the past, cassava cultivation in
Côte d'Ivoire was mainly based on the use of cultivars with low pro-
duction potential (less than 15 t/ha), susceptible to diseases and pests
(N’Zu�e et al., 2003). In order to improve production, new improved
varieties with greater disease resistance and higher production yield (35
t/ha) were developed (Bakayoko et al., 2012; Ebah-Djedji et al., 2012;
Kouadio et al., 2014). Although these improved varieties have a high
production yield, they are not being widely used in the production of
“atti�ek�e”, the national staple food for which the majority of cassava
produced is destined (CSRS, 2017). The main reason given by producers
for not using improved varieties of cassava for the production of atti�ek�e is
that these improved varieties have a high water content and would not
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lend themselves to its production. In order to promote these improved
varieties of cassava in other fields, the starches of these varieties pro-
duced in Côte d'Ivoire have been studied on their functional parameters
with a view to their industrial use (Ebah-Djedji et al., 2013; Doue et al.,
2014). The study concluded that these starches could be exploited in the
pharmaceutical industry as disintegrants for tablets because of their high
water absorption capacity, which was far superior to that of potato and
maize starch. In addition, they could be used in the chemical industry for
the manufacture of glues and detergents because of their high swelling
power and solubility, induced by their high amylose content. Also, taking
into account the high proportion of large grains, they could also be used
in the plastics industry for the production of biodegradable plastic films.

Thus, studies have been carried out on biodegradable starch-based
packaging of some of these improved cassava varieties (Nindjin et al.,
2015; Adjouman et al., 2017, 2018a, 2018b). The results of these studies
indicate that starches from improved varieties can be used in the pro-
duction of edible films and coatings (Adjouman et al., 2017, 2018a,
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2018b). However, as with other starches used to produce biodegradable
films, starch-based films of improved varieties of cassava grown in Côte
d'Ivoire have poor water vapour barrier properties and low mechanical
strength. The latter poses a major problem for applications as packaging
material (Müller et al., 2009). Improving their resistance to breaking
forces is therefore a key factor in enabling their sustainable use in
packaging (Müller et al., 2009). To improve material properties, certain
elements such as inorganic fillers and cellulosic fibers have been added to
starch-based films. Lignocellulosic materials were found to be a prom-
ising additive owing to their renewability, biodegradability, wide vari-
ety, low energy consumption and low cost and their density and high
strength. To this end, Müller et al. (2009) have incorporated cellulosic
fibers into starch-based films plasticized with glycerol. They showed that
the addition of cellulose fibers increases the stability of starch-based films
subjected to variations in relative humidity and therefore identified a
potential means to obtain stronger and more stable films. In addition,
Panaitescu et al. (2015) showed that starch films with 7 % cellulose
nanofibres had a mechanical strength and stiffness that come close to that
of polyolefins and can therefore be considered an inexpensive alternative
for applications in food. Microcrystalline cellulose (MCC), one of the
derivatives of cellulosic fibers, has been used in some studies as starch
reinforcement for the production of biodegradable composite films (Ma
et al., 2008; Rico et al., 2016; Reis et al., 2017; Syafri et al., 2018a,
2018b; Chen et al., 2020) and was found to be effective in improving the
properties of starch-based films. The results of the study by Chen et al.
(2020) on the improvement of mechanical and hydrophobic properties of
composite starch films of cassava with modified MCC and nanocellulose
as strength agent showed that these materials can improve the me-
chanical and hydrophobic properties of cassava starch films. Indeed, the
levels of 0.5 % and 2 % MCC respectively allowed for the increase in the
mechanical strength of the films and an improvement in the hydrophobic
property of the films. Also, Coelho et al. (2017) indicated that the
incorporation of MCC into polysaccharide-based films can be an
approach to modifying film properties. The objective of this work was to
study the effect of MCC incorporation on the properties of Yavo and TMS
starch-based edible films, two improved cassava varieties.

2. Materials and methods

2.1. Material

Native starch was obtained by cold extraction from the improved
cassava varieties Yavo and TMS. The cassava roots were harvested at
maturity after 12 months of growth in an experimental field at the
Bringakro research station of the Swiss Scientific Research Centre in Côte
d'Ivoire (Centre Suisse de Recherches Scientifiques en Côte d’Ivoire,
CSRS). After harvesting in Bringakro, the fresh roots were transported to
the chemistry laboratory of the CSRS at the main site in Adioppodoum�e,
Abidjan. Glycerol bidistilled at 99.5 % purity was used as a plasticizer,
and soy lecithin was added as an emulsifying agent. MCC was used to
strengthen the starch-based films. The water vapour permeability of the
films was determined by adding anhydrous calcium chloride (CaCl2). All
chemicals (MCC and others) were supplied by VWR prolabo Chemicals
(Leuven, Belgium). The CORA peanut oil (Gembloux, Belgium) used in
this study was purchased over a large area in Belgium.

2.2. Cassava native starches extraction

The extraction of native starches was carried out in the laboratory.
The freshly harvested cassava roots were peeled, cut, and then crushed
using a hammer mill and then diluted in water. The paste obtained was
taken up in a solution of sodium chloride (4% W/V) to separate the
proteins from the starch and then passed through a series of sieves with a
mesh size of 500, 250, 100 μm, respectively. The liquid obtained was
subjected to alternating decantation and washing (at least 4 times). The
pellet was separated from the supernatant and washed several times. The
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deposit obtained was drained and then spread on an aluminum foil and
allowed to dry at 45 �C. for 48 h in an oven. The product obtained was
ground to have starch powder (Amani et al., 2004).

2.3. Physical parameters of starches from improved cassava varieties

Thermal properties of the starches were determined by differential
scanning colorimetry according to the method described by Lopez et al.
(2008). A Polymer Laboratories colorimeter (Rheometric Scientific Sur-
rey, UK) with PL-V5.41 software and a heating program of 10 �C/min
from 10 to 120 �C was used. Aqueous suspensions of starch (20 % w/w)
were prepared. The samples were weighed into aluminum pans and
sealed. An empty pan was used as a reference. Thermograms (heat flow
as a function of the heating temperature) were recorded. These curves
gave the following information: start temperature (To), peak temperature
(Tp) and area below the peak (ΔH). To is the start of the loss of bire-
fringence of the granule; Tp is the temperature at which birefringence is
lost (gelatinization temperature) and ΔH is the energy required for the
transition.

Pasting behaviour was determined by the method described by
Malumba et al. (2009). The Brabender visco-amylograph (Duisberg,
Germany) was used to obtain the pasting characteristics of starches from
Yavo and TMS, two improved varieties of cassava. To 10 g of starch (dry
basis) was added 100 g of deionized water and the mixture obtained at
room temperature was subjected to gradual heating (6.5 �C min�1) from
30 to 95 �C. This temperature was maintained during 10 min followed by
a gradual cooling step (-4.5 �Cmin�1) from 95 to 50 �C. This temperature
was maintained for 5 min before the end of pasting. The relevant values
obtained from the pasting profile were: the peak viscosity (the maximum
viscosity during pasting), set-back viscosity (the difference between the
viscosity at the end of cooling and the viscosity at the end of the holding
phase) and final viscosity (the viscosity at the end of cooling). All mea-
surements were performed in triplicate and viscosities were expressed in
BU (Brabender units).

The apparent amylose content of the starch samples was determined
by colorimetric reaction and subsequent measurement of the absorbance
of the blue amylose-iodine complex formed according to the method
described by Morrison and Laignelet (1983).

The paste clarity of the starches was determined as previously
described by Craig et al. (1989). Approximately 0.11 g of starch was
weighed into quartz screw tubes. The mass was supplemented to 10 g
with distilled water. The closed tube with the well homogenized content
was left in a boiling water bath at 100 �C for 30 min with uniform stir-
ring. The solution obtained was cooled and the paste clarity or percent
transmittance (% T) was determined using a Shimadzu UV-2401-PC
(Kyoto-Japan) spectrophotometer at 650 nm against a blank sample
containing distilled water.

2.4. Preparation of films reinforced with MCC

The preparation of starch-based films reinforced with MCC was
conducted in three steps. The first step was done according to the method
described by Moraes et al. (2014). The MCC powder was adjusted to the
starchmass (4.0 g) (0, 7, 15 and 30wt.% dry starch basis) used andmixed
in 200 ml of distilled water for 24 h under constant stirring at 750 rpm.
The solution obtained was homogenized at 13,000 rpm for 10 min using
an Ultra Turrax T25 Basic homogenizer (IKA-WERKE, Stau-
fen/Germany). The second stage followed the method previously
described (Adjouman et al., 2017, 2018b). First, native starch powder
(4.0 g) and glycerol (25 wt. % dry starch basis) (Table 1) were added to
the solution. The mixture was then heated gradually from 30 �C to 75 �C
for 20min, under constant stirring (750 rpm) on an IKA*C-MAG hot plate
(HS7). The mixture of oil (5 wt.% based on starch weight), soya lecithin
(5 wt.% based on oil weight) and 100 mL distilled water was also heated
from 30 �C to 75 �C for 20 min under constant stirring (750 rpm). This
mixture was homogenized at 24,000 rpm for 2 min using the Ultra Turrax



Table 1. Dry matter, amylose content, pasting properties and thermal transition characteristics of starches of improved cassava varieties.

Starch Dry matter (%) Amylose content (%) Clarity (%T) Peak V (BU) Final V (BU) Setback (BU) T0 (�C) TP (�C) Tc (�C) ΔH (J/g)

Yavo 87.63 18.37c 61.33c 499 377 207 68.28 72.55 94.38 14.11

TMS 88.37 20.36d 48.86d 478 384 210 68.92 73.25 89.26 13.33

% T: pourcentage de transmittance, To: onset temperature, Tp: peak temperature, Tc conclusion temperatures, Peak V: peak viscosity, Final V: final viscosity, BU:
Brabender Units. Les valeurs affect�ees de lettres diff�erentes sur une même colonne sont significativement diff�erentes �a p < 0,05.
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homogenizer. In a last step, the two solutions (starch, MCC, glycerol,
water mixture and oil, lecithin, water mixture) were combined and
heated from 75 �C to 95 �C for 25 min under constant stirring at 750 rpm.
During the gelatinization process, the beaker was covered with
aluminum foil to prevent the evaporation of water. Twenty grams of the
final suspension was poured onto the surface of a polystyrene Petri dish
(9 cm diameter) and dried in an oven ventilated to 35 �C for 24 h to form
the films. The dried films were stored in a desiccator for 48 h at 25 �C and
62 % relative humidity (RH) before being tested.

2.5. Determination of film thickness

The thickness of all films was determined using a manual NSK
Micrometer (Tokyo, Japan) at 10 random positions on the films. The
measurements were made in triplicate for each film.

2.6. Determination of the moisture content of films

The moisture content of the films was determined gravimetrically by
oven drying at 105 �C until constant weight (dry sample weight) (Versino
and Garcia, 2014). The results were expressed as a percentage of the
initial film weight, according to the following expression (Eq. (1)):

Hð%Þ¼ ððP0�Pf Þ =P0Þ x 100 (1)

With H, humidity; P0, initial weight; Pf, final weight. At least triplicate
analyses were performed per variety and formulation.

2.7. Determination of water vapour permeability (WVP) of films

The permeability of the film to water vapour was conducted using the
ASTM (1995) method with some modifications. Samples of circular films
(9 cm diameter) were mounted and sealed on the opening of a cylindrical
pot containing 50 g of anhydrous calcium chloride to maintain a relative
humidity of 0 %. The assembly was placed in a desiccator at 25 �C
containing a saturated solution of sodium chloride (75 % RH). After the
steady state conditions were reached (2 h), eight weight measurements
were taken over 8 h. Changes in the weight of the cups were recorded to
the nearest 0.0001 g and plotted as a function of time. The slope of each
line was calculated according to a linear regression (r2 > 0.99) and the
water vapour transmission (WVTR) was calculated by the ratio of the
slope of the straight line (g/s) to the transfer surface (m2). The exposed
surface (the cylindrical pot surface of 5.6 cm in diameter) was 0.00246
m2 and WVP (g. Pa�1 s�1 m�1) calculated according to the following
expression (Eq. (2)):

WVP ¼ [WVTR/S (R1-R2) d] (2)

With S, vapor pressure at saturation of the water (Pa) at the test tem-
perature (25 �C) ¼ 3170 Pa; R1, relative humidity in the desiccator; R2,
relative humidity in the pot; d, thickness of the film (m). All tests were
conducted in triplicate.

2.8. Determination of water solubility of films

According to the method described by Lopez et al. (2008), 2 � 3 cm
pieces of each film were cut and stored for seven days in a desiccator
containing silicate gel. The samples were weighed (to the nearest 0.0001
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g) (initial dry weight) using a precision balance (Mettler-Toledo AE-200,
Precisa Instruments Ltd, Greifensee/Switzerland) and placed in beakers
containing 80 ml of deionized water. The samples were kept under
constant agitation at 200 rpm in a stirring chamber (Heidolph mechan-
ical stirrer promax 1020, Schwabach/Germany) for 1 h at laboratory
temperature (~25 �C). Afterwards, the film pieces were collected by
filtration and dried again in an oven at 60 �C until constant weight was
obtained. The percentage of total solid matter (or percentage solubility)
was calculated as follows (Eq. (3)):

S (%) ¼ [(P0 – Pf) / Po] x 100 (3)

With S, solubility; P0, initial dry weight; Pf, final dry weight. The mea-
surements were made in triplicate for each film.
2.9. Determination of the mechanical properties of films

Tensile tests were performed using a TA.XT2 texture analyzer (Stable
Micro Systems, Godalming/England) according to ASTM D882-02,
method (2002) using an A/TG traction handle system. The parameters
determined were tensile strength, deformation at break (elongation at
break) and Young's modulus (film stiffness) for films reinforced with
MCC. The tested filmstrips (8 � 2.5 cm) were cut with a scalpel for each
preconditioned sample (62 % relative humidity, 25 �C) and placed be-
tween the machine jaws. The thickness of each sample was measured at
four points along its length with a Mitutoyo micrometer (NSK/Tokyo,
Japan Micrometer). The initial separation between the handles was set at
50 mm. The upper part of the probe gradually rises by stretching the film
at a constant speed of 10 mm/min until it ruptures. The force-elongation
curves were recorded. Force and elongation were measured at the point
of failure. For each formulation, eight samples were tested. The mea-
surements were made in triplicate for each film.
2.10. Determination of film opacity

Film opacity was determined using standard operating procedures
(BSI, 1968) modified by Gontard et al. (1992) and applied by others
(Mali et al., 2004; Lopez et al., 2008). Film samples were cut to 1 � 3 cm
and placed on the inside of a spectrophotometer cell (Shimadzu
UV-2401-PC Kyoto, Japan) to record the absorbance spectrum between
400 nm and 700 nm. The opacity of the film is defined as the area under
the curve and is expressed in units of absorbance x nanometers (nm.UA).
The measurements were made in triplicate for each film.
2.11. Determination of film colour

The color of the films was determined by the method described by
Bourtoom and Chinnan (2008) and also by Pires et al. (2018). This
determination was made using an international Datacolor spectropho-
tometer D65/10 (Miniscan XE Virginia, USA). L* represents the lumi-
nance (from white to black), (a*) the chromatic index from green to red
and (b*) that from yellow to blue. From these data, the color difference
(ΔE* ab) of starch-based composite films and films reinforced with MCC
was calculated with respect to the color of a white reference surface
according to the following expression (Eq. (4)):
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ΔE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L*

0

�2 þ ða* � a*0Þ2 þ
�
b* � b*0

�2q
(4)
2.12. Statistical analyses

Single-factor ANOVA variance analysis was performed on the me-
chanical, optical and barrier properties of starch-based films, reinforced
with MCC at different rates, using STATISTICA 7.1 software. The DUN-
CAN test at a 5 % threshold was applied to detect differences between
sample sets. Student's t-test made it possible to compare the means ob-
tained with the starches of the two improved varieties of cassava.

3. Results and discussion

3.1. Physical parameters of starches from improved cassava varieties

The physical parameters of the starches from Yavo and TMS, the
improved cassava varieties used in this study are presented in Table 1.
The highest amylose value was obtained with the TMS variety and the
clearest starch gel was obtained with the Yavo variety. Starch with low
amylose content has a high gel clarity. Amylose contents are known to
influence the clarity of starch gels. A high amylose content can result in
more opaque starch doughs (Schmitz et al., 2006). The maximum vis-
cosity of Yavo and TMS starch gels as characterized by Brabender
Visco-amylograph was 499 and 478 Brabender Analysis Units (BU) for
Yavo and TMS respectively (Table 1). The final viscosity of the starch gel
of the TMS variety (384 BU) was higher than that of the Yavo variety
(377 BU). The difference between the viscosity at the end of cooling and
the viscosity at the end of the set-back phase was 207 BU and 210 BU for
Yavo and TMS, respectively. Thus for these two varieties, for a low
maximum viscosity, the final viscosity and SetBack were high and for a
high maximum viscosity, the final viscosity and SetBack were low. Such
observations have been made by some authors (Song and Jane, 2000;
Blazek and Copeland, 2008). According to these authors, a high amylose
content would lead to a decrease in the maximum viscosity of starch gels,
whereas the final viscosity would increase with the increase in amylose
content. The gelatinization temperatures (start To, peak Tp and conclu-
sion Tc) increased respectively for the starch of the two varieties Yavo
and TMS as shown in Table 1. Enthalpy (ΔH) was 14.11 J/g and 13.33
J/g for Yavo and TMS respectively.
3.2. Moisture content and water solubility of reinforced cassava starch
films

Table 2 shows the moisture content and water solubility values of
MCC-reinforced cassava starch-based composite films. At 0 % MCC, the
moisture content values of the films were 15.97 % and 14.24 % for Yavo
and TMS, respectively. When 30 %MCCwas added, the moisture content
decreased to reach 11.43 % for Yavo and 10.66 % for TMS. As the MCC
concentration increases, the moisture content decreases. Concerning the
water solubility of the films, at 0 % the values were 24.84 % and 24.15 %
respectively for Yavo and TMS.When the concentration went from 0% to
30 %, solubility was reduced to 20.61 % for Yavo and 19.36 %. The
Table 2. Water content, solubility, and water vapour permeability values of reinforc

MCC content (%) (w/w of starch) Moisture content (%) Solub

Yavo TMS P value Yavo

0 15.97 � 0.2aA 14.24 � 0.3aB 0.001 24.84

7 14.38 � 0.8bC 13.55 � 1.1abC 0.353 24.71

15 13.08 � 0.2cD 12.22 � 0.5bD 0.059 22.42

30 11.43 � 0.2dE 10.66 � 0.9cE 0.230 20.61

Values assigned different lowercase letters in the same column are significantly diffe
significantly different at p < 0.05.
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analysis of variance showed that the MCC concentration significantly
influenced the moisture content and solubility of cassava starch com-
posite films (p < 0.05). The ANOVA analysis of variance showed a sig-
nificant difference between the moisture content and water solubility of
the Yavo and TMS starches films (p < 0.05). Student's T-test (t: -8.0207;
dl: 4; P: 0.001) showed a significant difference (P < 0.05) between the
Yavo and TMS varieties in the moisture content of 0 %MCC films. On the
other hand, at 7, 15 and 30 % no significant difference was observed as
indicated by the p-values (Table 2). Regarding the water solubility of the
films, Student's T-test (t: -3.8045; dl: 4; P: 0.019) showed a significant
difference (P< 0.05) between the Yavo and TMS varieties at 0%MCC. As
with the moisture content of the films, no significant difference was
observed at 7, 15 and 30 % MCC. Yavo and TMS films reinforced with
MCC had equal moisture content and solubility in water. The increase in
MCC levels in cassava starch-based composite films has resulted in a
significant decrease in the moisture content and water solubility of the
films. These results showed that cellulose increases the crystallinity of
composite films. This may be due to the more crystalline nature of cel-
lulose as indicated by some authors (Amash and Zugenmaier, 2000; Ma
et al., 2005). The crystalline cellulose in the film promotes interactions
between the OH groups of the two polysaccharides. This allows the
production of more crystalline zones that reduce solubility in water
(Müller et al., 2009; Ma et al., 2008; Amash and Zugenmaier, 2000; De
Azeredo, 2009). Cellulose is also less hydrophilic than starch owing to its
compact microfibrillary arrangement and higher crystallinity, rendering
it more hydrophobic (Curvelo et al., 2001; Bras et al., 2010). It has a
stabilizing effect on the starched polymer matrix, mainly on amylose
molecules that undergo reducedmobility (Ma et al., 2005). This observed
decrease would also indicate an intermolecular interaction between
starch and MCC in the starch composite film as it has been previously
observed on cassava starch and carboxymethylcellulose films (Li et al.,
2008; Tongdeesoontorn et al., 2011). The intermolecular interaction
between starch and MCC that has taken place leads to a reduction in
water content and water solubility, which may be due to the reduction in
starch concentration in the film matrix (Tongdeesoontorn et al., 2011).
The addition of 7 % MCC did not improve the water solubility of com-
posite films. The fact that this concentration has not promoted a major
increase in crystalline zones in composite films may be one explanatory
factor (Aila-Su�arez et al., 2013). However, it may also be due to improper
incorporation of the added MCC level into the matrix of the composite
film.
3.3. Water vapour permeability of reinforced cassava starch films

The water vapour permeability values of MCC-reinforced cassava
starch composite films are presented in Table 2. Values ranged from 1.98
� 10�11 to 1.39 � 10�11 (g Pa�1 s�1 m�1) for Yavo at 0 % and 30 %
respectively. For the TMS variety, water vapour permeability ranges from
1.93 � 10�11 to 1.29 � 10�11 (g Pa�1 s�1 m�1) at 0 % and 30 % MCC,
respectively. The variance analysis showed that the MCC content had an
effect on the WVP of cassava starch composite films (p< 0.05). However,
the ANOVA variance analysis did not show any significant difference
between the WVP of the Yavo and TMS starches films (p > 0.05). Also,
ed cassava starch films.

ility (%) WVP (g Pa�1. s�1.m1-) x10�11

TMS P value Yavo TMS P value

� 0.1aA 24.15 � 0.3aB 0.019 1.98 � 0.1aA 1.93 � 0.1abA 0.438

� 0.3aC 24.31 � 0.3aC 0.165 2.13 � 0.1bB 2.01 � 0.1bB 0.071

� 0.8bD 22.05 � 0.6bD 0.576 1.93 � 0.1aC 1.83 � 0.1aC 0.173

� 0.9cD 19.36 � 0.8cD 0.145 1.39 � 0.1cD 1.29 � 0.2cD 0.309

rent at p < 0.05. Values assigned of different capital letters on the same line are
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Student's T-test showed no significant difference (P > 0.05) between the
Yavo and TMS varieties at 0, 7, 15 and 30 % MCC as indicated by the p-
values (Table 2). The low levels of MCC (7 and 15 %) incorporated in the
starch of improved cassava varieties have not improved the WVP of the
films. These results are similar to those obtained when 0, 4, 7 and 10 %
MCC was added to starch in the study on the influence of MCC in blown
thermoplastic starch and polyester films (Reis et al., 2017). However, in
this study, the addition of MCC at 30 % in starch-based films resulted in a
decrease in the WVP of the films. This decrease is related to the crys-
tallinity of the cellulose. Cellulose has a higher crystallinity and a
compact microfibrillary arrangement. The decrease in WVP after the
addition of cellulose has been observed by some authors (Psomiadou
et al., 1996; Aila-Su�a rez et al., 2013). Their studies focused on corn
starch and MCC films on the one hand and potato starch and chayote
tuber films combined with cellulose nanoparticles on the other. Also, this
improvement in WVP to 30 % would be related to the fact that the
presence of high concentrations of MCC probably introduced a tortuous
path, which made it more difficult for water to diffuse through the film
matrix (Kristo and Biliaderis, 2007).
3.4. Mechanical properties of reinforced cassava starch films

The tensile strength, elongation at break and Young's modulus values
of MCC reinforced cassava starch composite films are presented in
Table 3. The tensile strength values range between 7.15-10.99 MPa and
between 7.77-13.18 MPa for the varieties Yavo and TMS, respectively.
Young's modulus also ranges between 331.29-1351.08 MPa and between
343.79-1476.08 MPa for the varieties Yavo and TMS, respectively.
Elongation at break varies from 22.75 % to 1.31 % and from 21.25 % to
1.19 % for the Yavo and TMS varieties, respectively. The TMS variety
provided the highest tensile strength and Young's modulus values and the
lowest elongation values compared to the values obtainedwith Yavo. The
analysis of variance showed that the level of MCC added to cassava starch
composite films had a significant effect on tensile strength, Young's
modulus, and elongation at break (p < 0.05). The 30 % MCC rate has led
to more rigid and less flexible films. The analysis of variance showed a
significant difference between the tensile strength, Young's modulus, and
elongation at break of cassava starch films reinforced by MCC (p< 0.05).
This difference is at the level of 0, 7 and 30 % of MCC added. Thus, the
tensile strength and Young's modulus of TMS-based films are higher than
Yavo's at 0, 7 and 30 %. However, the elongation at break of TMS-based
films at these different MCC rates is lower than that of Yavo-based films.
Student's T-test showed a significant difference between the Yavo and
TMS varieties concerning the tensile Strength at 0 and 30 % MCC and at
30 % MCC regarding Young's modulus as indicated by the p-values
(Table 3). Regarding the elongation at break, Student's T test was not
shown any significant difference between Yavo and TMS regardless of the
MCC concentration. The results observed on cassava starch composite
films reinforced with microcrystalline cellulose in this study mirror the
chemical and structural compatibility between cellulose chains and
starch (Ma et al., 2005; Averous and Boquillon, 2004). They may also
relate to the fact that old hydrogen bonds formed between starches
Table 3. Tensile strength, elongation at break and Young's modulus values of reinfor

MCC content (%) (w/w of starch) TS (MPa) EB (%)

Yavo TMS P value Yavo

0 7.15 � 0.6aA 7.77 � 0,4aB 0.027 22.75 � 2.

7 8.19 � 0.9bC 8.52 � 0.7bD 0.475 19.23 � 2.

15 9.91 � 0.7cE 10.04 � 0.9cE 0.491 5.85 � 1.4

30 10.99 � 0.5dF 13.18 � 0.5dG 0.003 1.31 � 0.2

MCC: Microcrystalline cellulose TS: Tensile Strength; EB: Elongation at Break; YM: You
significantly different at p < 0.05. Values assigned of different capital letters on the
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molecules may be replaced by new hydrogen bonds. These bonds that
would be formed between hydroxyl groups in starch molecules and hy-
droxyl groups in MCC (Almasi et al., 2010). The intermolecular inter-
action between starch and MCC may have resulted in a more compact
molecular structure of the starch-MCCmixture. This allowed the increase
in strength, Young's modulus and inversely the elongation at break (Li
et al., 2008). The results obtained in this study are in agreement with
previous work published on pea-based starch films reinforced with car-
boxymethyl cellulose and MCC, respectively (Ma et al., 2008); on films
based on cassava starch reinforced with cellulose fibers (Müller et al.,
2009) on carboxymethyl cellulose reinforced starch films (Ghanbarzadeh
et al., 2010); on cassava starch films reinforced with carboxymethyl
cellulose (Tongdeesoontorn et al., 2011) and on films produced with
cellulose reinforced chayote and potato tuber starches and cellulose
nanoparticles (Aila-Su�a rez et al., 2013). Other authors have also shown
an increase in tensile strength, Young's modulus, and a decrease in
elongation at break of films after addition of cellulose (Ma et al., 2005;
G�asp�ar et al., 2005). The differences that were observed between Yavo
and TMS varieties regarding tensile strength and Young's modulus might
be related to the basic composition of the starches. Naturally, starches
with a high amylose content always tend to produce much stiffer films.
3.5. Opacity of reinforced cassava starch films

Table 4 shows the opacity values of cassava starch composite films
reinforced with MCC. At 0 % MCC, the opacity values were 223.91
nm.UA for the Yavo variety and 251.42 nm.UA for the TMS variety. After
adding 7, 15 and 30 % MCC, opacity increased to 260.80; 334.90 and
425.33 nm.UA respectively for the Yavo variety. For the TMS variety,
opacity increased to 279.21; 344.34 and 434.51 nm.UA respectively. The
ANOVA analysis of variance showed a significant difference between the
opacity of the Yavo and TMS starch films (p < 0.05). It also showed that
the rate of MCC added significantly increased the opacity of the films (p
< 0.05). This difference can be seen in Figure 1, with the films at 0 %
MCC (a) and 30 % MCC (b) respectively. Also, Student's T test at 0% (t:
5.1996; dl: 4; P: 0.006) and 7% (t: 4.0159; dl: 4; P: 0.016) showed a
significant difference between Yavo and TMS. Unlike 15 and 30% where
no significant difference was observed. The increased opacity of MCC-
reinforced composite films may be related to the original color of the
MCC. The opacity of the films increases with the increase in the added
MCC rate. In addition, this increase would be due to the average particle
size of MCC, which is much larger than the size of the interstitial space in
a matrix film (Shi et al., 2013) and that, when light passes through these
films in which MCC is present in high quantities, the amount of light
transmitted by the film is much less (Coelho et al., 2017). The results of
this study are similar to those of Moraes et al. (2014), who produced
composite films based on cassava starch incorporated with cellulose fiber
by the tape-casting method, and Coelho et al. (2017) who worked on the
effect of moderate electric fields on the properties of MCC reinforced
starch and chitosan films. The difference between the opacity of the Yavo
and TMS films at 0 and 7 % MCC would be related to the base clarity of
the starches. Yavo's starch had shown a clearer gel than TMS's.
ced films.

YM (MPa)

TMS P value Yavo TMS P value

34aA 21.25 � 2.61aB 0.246 331.29 � 93.8aB 343.79 � 95.9aA 0.796

25bC 18.23 � 1.96bD 0.360 563.84 � 71.6bD 575.09 � 70.8bC 0.756

3cE 4.63 � 1.01cE 0.068 962.91 � 45.9cE 980.15 � 39.7cE 0.435

5dF 1.19 � 0.21dG 0.309 1351.08 � 28.9dG 1476.08 � 73.8dF 0.001

ng's modulus. Values assigned different lowercase letters in the same column are
same line are significantly different at p < 0.05.



Table 4. Opacity of cassava starch-based films reinforced with MCC.

MCC Rate (%) (w/w starch) Opacity (nm.UA)

Yavo TMS P value

0 223.91 � 3.4 aA 251.42 � 8.5 aB 0.006

7 260.82 � 6.6 bB 279.21 � 4.4 bC 0.016

15 334.90 � 5.6 cD 344.34 � 4.3 cD 0.372

30 425.33 � 5. 3 dE 434.51 � 6.5 dE 0.133

Values assigned different lowercase letters in the same column are significantly different at p < 0.05. Values assigned of different capital letters on the same line are
significantly different at p < 0.05.

Figure 1. a) film with 0 % MCC and b) film with 30 % MCC.

Table 5. Values of the color parameters of starch-based films reinforced with MCC.

Taux de CMC (%) Yavo TMS

L* a* b* ΔE* L* a* b* ΔE*

0 92.20 � 0.2a -0.37 � 0.1a 2.66 � 0.1a 2.86 � 0.1a 91.92 � 0.2a -0.44 � 0.1a 2.47 � 0.1a 2.84 � 0.1a

7 92.70 � 0.1b -0.32 � 0.2a 2.86 � 0.2a 2.87 � 0.2a 92.62 � 0.2b -0.38 � 0.1b 2.63 � 0.1b 2.67 � 0.2b

15 93.18 � 0.1c -0.41 � 0.1a 3.25 � 0.1b 3.15 � 0.1b 93.09 � 0.1c -0.38 � 0.1b 2.78 � 0.2c 2.71 � 0.2b

30 93.57 � 0.2d -0.34 � 0.1a 3.28 � 0.1b 3.17 � 0.1b 93.35 � 0.1d -0.40 � 0.1b 2.88 � 0.1d 2.77 � 0.1ab

Values assigned different lowercase letters in the same column are significantly different at p < 0.05. Values assigned of different capital letters on the same line are
significantly different at p < 0.05.
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3.6. Colors of reinforced starch films

Table 5 shows the color parameters of cassava starch films reinforced
by the MCC. Luminance values L* ranged from 92.20 to 93.57 and from
91.92 to 93.35 for the varieties Yavo and TMS, respectively. The values of
the b* index ranged from 2.66 to 3.28 and from 2.47 to 2.88 for Yavo and
TMS. The rate of MCC incorporated in cassava starch composite films had
a significant effect (p < 0.05) on L* luminance, b* index and color dif-
ferenceΔE*ab. The increase in theMCC rate resulted in an increase in the
luminance L*, the b* index of the resulting films. The a* index did not
really change with the increase in MCC rate for any variety and the color
difference ΔE*ab varied with the change in the b* index. Compliant re-
sults were obtained when MCC was incorporated into the agar matrix
(Shankar and Rhim, 2016) and starch and chitosan films (Coelho et al.,
2017). The increase in the values b* and L* indicate that the added MCC
has led to an intensification of yellowing of the starch film, possibly by
the colour of MCC (Coelho et al., 2017).

4. Conclusion

This study highlighted the influence of microcrystalline cellulose on
the properties of starch-based composite films of improved cassava
6

varieties. MCC (0–30 %) has improved the properties of starch-based
films of improved cassava varieties by increasing their strength and ri-
gidity and reducing water vapour permeability andwater content. The 30
%MCC added resulted in films that are much stiffer and less permeable to
water vapour. MCC has been shown to be effective in improving starch-
based films of improved varieties of cassava grown in Côte d'Ivoire. Also,
the results obtained did not show a big difference between Yavo's starch-
based films and TMS. Thus, both varieties can be well used for film
production with MCC. However, future analyses such as FTIR, DRX an-
alyses will be considered to better understand the incorporation of low
levels of MCC in the starch matrix of the improved cassava varieties in
this study. The starch-based films of improved cassava varieties Yavo and
TMS with MCC can be used as packaging materials for fruits and vege-
tables replacing the mainly used plastic packaging materials.
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