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Abstract 
Biopolymers arise as a good substitute for synthetic polymers, regardless of the energy demand and the complex processes 
required to isolate such biopolymers. Cellulose is an organic polymer that can be found in all terrestrial plants and is the most 
abundant organic biomolecule on the Earth. However, the mechanical properties of most biopolymers are not as good as the 
ones of synthetic polymers under environmental conditions, because they are highly hydrophilic. In this work, we aimed to 
extract cellulose nanoplatelets (CNP) and cellulose fibers (CF) from the banana pseudostem through one step of alkaliniza-
tion followed by acid hydrolysis, to obtain a self-standing transparent film. The obtained all-cellulose material (CF/CNP) 
was characterized by Optic Microscopy, Scanning Electron Microscopy, Attenuates Total Reflection Spectroscopy, X-Ray 
diffraction. Also, CF/CNP films were made in order to test their tensile and strength properties, along with the simulated 
biodegradability using enzymatic hydrolysis.
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Statement of Novelty

Here we aim to demonstrate the importance of two-dimen-
sional nanocellulose isolation to obtain a self-standing 
film, which can be considered an all-cellulose composite. 
The manuscript includes a wide study of the resulting mix 
of cellulose nanoplatelets and cellulose fibers by ATR and 
XRD. The morphological studies were analyzed by SEM 
and OM techniques, which lead to the findings of the pres-
ence of two-dimensional nanocellulose with nanoplatelet 
shape. A free-standing film made of cellulose fibers and 
cellulose nanoplatelets was successfully obtained; such 
films have a crystallinity index of 78 which can withstand 
up to 180 MPa. Also, we present preliminary results on the 
biodegradability of the cellulose films, showing that 50% 
of the material will be decomposed in 7 days due to the 
action of enzymes at the end of the useful life.

Introduction

Since the middle of the last century, polymers have 
become an indispensable material for the development of 
applications useful to society due to outstanding proper-
ties of elasticity, plasticity transparency and strength [1]. 
The aforementioned materials have become essential in 
a broad range of human applications, from industrial to 
domestic. However, the fossil resources from which they 
are made decreases constantly but demand keeps increas-
ing and they will be depleted within the next one hundred 
years [1]. Furthermore, the lack of proper care of some 
polymers after utilization is driving this situation into an 
ecological problem of great relevance because such mate-
rials take a long period to fully degrade under environmen-
tal conditions [2]. Hence, there is an increasing demand 
for innovative routes and materials to obtain polymeric 
materials utilizing renewable resources. Utilizing renew-
able feedstocks such as biomass [3], for the generation 
of modern biodegradable plastics has environmental and 
financial benefits. Then, the field of non-petrochemical 
derived polymers draws attention in both a commercial 
and technological sense. These materials are the result of 
biochemical processes between  CO2, water and sunlight 
through photosynthesis which practically discards the use 
of fossil resources, which can be considered as neutral 
emission of carbon for their synthesis. Conveniently, these 
same biochemical processes (carried out by enzymes, such 
as cellulases and amylases) can be applied in reverse for 
the degradation of these biopolymers, since microorgan-
isms can use them as a carbon source for obtaining energy, 
converting them back into carbon dioxide and water [4]. 

Unfortunately, biomass-based polymers do not have good 
mechanical properties in terms of strength and are diffi-
cult to process with the conventional equipment used with 
synthetic polymers [1]. In this context, lignocellulosic bio-
mass, the most abundant and bio-renewable biomass on 
earth [5] plays an important role due to its abundance and 
the fact that it is available worldwide. Thus, cellulose rises 
as a promising substitute for fossil oil-based polymers due 
to its biocompatibility, renewability and biodegradability 
[6]. Many residues of the food industry have been studied 
as novelty sources of cellulose, among which are: Agave 
salmiana [7], Corn husk [8], Opuntia ficus-indica [9] and 
Abelmoschus esculentus [10].

Banana planting and harvesting occurs worldwide, 
mainly in tropical conditions where the fruit represents 
only 12% of the total mass of the plant [11]; the rest con-
sists of leaves, peels, rachis, stalk, inflorescence, stem and 
pseudostem [12]. In 2019, global exports are expected to 
reach 20 million tons of banana fruit in their different vari-
eties, having Asia and America 95% of the global produc-
tion [13]. An important aspect to heed is that banana trees 
are perennial plants that are dismissed once the fruit is 
collected (single harvest) which could drive to important 
environmental issues, such as fungus and insects prolif-
eration, if the residual biomass does not have adequate 
disposal. Banana pseudostems have an inner soft fibber 
wrapped by a coarse fiber at the external section, which 
has been utilized commonly in textiles production. The 
inner core is rich in nanocellulose which can be isolated 
in several ways, generally including three broad steps con-
sisting of (1) pretreatment of the raw material, (2) hydroly-
sis supported by concentrated acids (≈ 63%) [14] followed 
by (3) defibrillation by TEMPO/ultrasonication [15, 16], 
mechanical milling [17, 18], steam explosion [19, 20] or 
enzymatic treatment [18].

There are several types of nanocellulose, but only three 
main groups are well recognized in literature, e.g. bacterial 
cellulose (BC), cellulose nanocrystals (CNCs) and cellu-
lose nanofibrils (CNFs). Recently, a new morphology was 
reported, describing a two-dimensional (2D) nanostructure 
[21] known as cellulose nanoplatelets [22], which is easier 
to obtain and can be detected with help of an optical micro-
scope, when such nanoplates were deposited on a silicon 
wafer. Nanocellulose films made of banana pseudostem 
nanoplates (2D) exhibited good transparency ≈ 83% [23], 
which make them candidates for several applications in the 
industry of packaging or food industry.

The synthesis of all-cellulose nanocomposites using 
banana pseudostems as a raw material is reported. This 
paper aims to produce films of cellulose fibers and nanocel-
lulose to test their mechanical properties and biodegradabil-
ity, to explore potential applications in the near future as a 
polymer substitute.
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Materials and Methods

Materials

Sulfuric acid (98%), hydrogen peroxide (30%), and sodium 
hydroxide pellets were reagent grade and used without modi-
fication. The deionized water presents a resistivity of 18.1 
MΩ m−1. Microcrystalline cellulose (CMC) extracted from 
cotton (SigmaCell 20) was acquired from Sigma-Aldrich. 
Banana pseudostems from the species Musa sapientum were 
collected after harvest from the state of Nuevo Leon, Mex-
ico. The inner banana pseudostems were cut into pieces of 
about 0.5 × 3 × 10 cm (thickness × width × length).

Mechanical Separation

The raw banana pseudostem specimens were put inside 
transparent plastic bags and frozen at − 50 °C for 12 h, then 
freeze-dried for 48 h until 80% of the water was extracted. 
Using a Bel-Art 37250 Micro-Mill Grinder, dried samples 
(15 g) were milled for 5 min to get fine powders which were 
sieved and named BI-Raw.

Cellulose Extraction

A mixture of 180 mL of deionized water, 20 mL of  H2O2 
(10% v/v) and 2 g of NaOH (1% w/v) were solubilized inside 
a conical flask. Later, 10 g of BI-Raw were added slowly 
to the flask and kept under constant stirring at 100 rpm for 
60 min. Afterward, the dispersion was placed inside an 
autoclave at 110 °C and 0.5 kg/cm2 for 40 min to promote 
the alkalinization/bleaching reaction. After that time, the 
autoclave was off and opened once the inside temperature 
come to 80 °C. The solid part of the dispersion was isolated 
by vacuum filtering and rinsed with deionized water three 
times to remove the remnant traces of NaOH; then  H2SO4 
was added drop by drop  to neutralize the suspension (pH 7), 
and rinsed again to remove the remaining traces of acid. The 
obtained gel was used to produce films by solution casting 
method on a Petri dish drying the deposited solution in an 
oven at 40 °C for 48 h. In another set of experiments, the 
gel was dried in an oven and grounded in an agate mortar. 
The resultant samples, film and powder, were named BI-AT.

The hydrolysis was carried out by making a mixture of 
130 mL of deionized water, 20 mL of  H2O2 and 10 mL of 
 H2SO4 (6.25% v/v) in a conical flask. 10 g of BI-AT powder, 
obtained by the method described above, were added to the 
flask and kept under constant stirring at 100 rpm for 60 min. 
Afterward, the dispersion was set within an autoclave at 
110 °C and 0.5 kg/cm2 for 40 min. When the time lapsed, the 
autoclave was off and opened once the inside temperature 

come to 80 °C. A white gel pulp was observed at the bot-
tom of the flask and was separated by vacuum filtration and 
washed with deionized water three times. Next, an alkaline 
solution of NaOH was added drop by drop to neutralize the 
suspension (pH 7) and rinsed twice with deionized water 
to remove the remaining traces of salt [23]. The resulting 
gel, containing cellulose nanoplatelets and cellulose fibers 
was used to produce powders which were named BI-HT. 
Transparent films were made by the solution casting method, 
drying a suspension (10% w/v) of the hydrolyzed material 
on a Petris dish for 48 h at 40 °C.

Optic Microscope

A Leica light microscope DM 3000 model was used at 10×, 
20×, and 50× to observe the samples at distinct scales.

Scanning Electron Microscope (SEM)

The tests were carried out in a scanning electron microscope 
FEI Nova NanoSEM 200, under high vacuum conditions 
with a secondary electron detector (ETD). The microscope 
was used at 5 kV, and a working distance of 5 mm. The 
samples were dispersed in ethyl alcohol, and then a drop of 
every sample was dried on silicon wafers at 40 °C for 2 h. 
The silicon wafers were glued to an aluminum pin and spin-
coated with gold to enhance the surface conductivity. We use 
the program ImageJ to determine the diameter of the fibers 
(100 measurements) using SEM images.

Attenuated Total Reflection (ATR) Spectroscopy

The ATR spectra were recorded on a Nicolet 6700 spectro-
photometer in the 4000–500 cm−1 range. Spectra were taken 
at a resolution of 2 cm−1.

X‑Ray Diffraction (XRD)

The samples were analyzed by X-Ray Diffraction, in a 
PANalytical powder diffractometer Empyrean model at 
room temperature operated at 45 kV, 40 mA. A Cu-Kα 
(λ = 1.5406 Å) radiation was used to gather the diffraction 
patterns within Bragg angle 2θ from 5° to 40°, using a step 
of 0.01° and a time step of 20 s. The crystallinity index CrI 
of samples was calculated using the Eq. (1), where  Itotal indi-
cates the maximum intensity at the plane 200 (~ 22°) and  Iam 
the minimum diffraction intensity at ≈ 18°, which represents 
the amorphous contribution [24].

(1)CrI(%) =
I
total

− I
am

I
total

× 100
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Tensile Tests

Uniaxial static mechanical stress tests were performed using 
a dynamic mechanical analyzer (DMA Q800, TA Instru-
ments, New Castle, DE). For such tests (in triplicate), the 
film samples were cut into strips 5.3 mm wide by 10.5 mm 
long and 180–50 μm thick and mounted using film tension 
clamps. Tension tests were executed at 28° C in controlled 
force mode, with a preload of 0.01 N, and a force loaded on 
ramps of 0.5 N/min.

Biodegradability Test

Films were subjected to enzymatic degradation with a com-
mercial enzyme mix (Celuzyme ®) derived from Tricho-
derma longibrachiatum at an enzymatic loading of 10 wt%. 
The enzymatic reactions were carried out in 15 ml coni-
cal tubes containing 300 mg of the cellulose film, 30 mg 
of enzyme mix (114,400 CMCase/g and 30,000 BGU/g), 
and 10 ml of 50 mM sodium acetate buffer (pH 5). Tubes 
were incubated at 35 °C and 150 rpm for 0, 1, 3, 4, 5, 6, 
and 7 days. After hydrolysis, tubes were boiled for 5 min 
to inactivate the enzymes and subsequently centrifuged at 
4,500 rpm for 10 min. The reducing sugars were determined 
in the supernatant for 3,5 DNS acid method [25].

Results and Discussion

Microscopy Imaging

The three samples were analyzed by optic microscopy and 
the images are shown in Fig. 1. The raw material exhibits a 
series of rib-like structures. When raw fibers are subjected to 
alkaline treatment, the fibers seem to be randomly oriented 

caused by the partial breaking of lignin and pectin that are 
wrapping the cellulose [23]. Furthermore, when the acid 
treatment is applied, the size of the fibers decreases signifi-
cantly suggesting a higher removal of pectin/lignin traces 
liberating the inner cellulose.

This behavior is corroborated in the images obtained by 
SEM, where it can be appreciated in more detail with the 
samples of the material before and after the alkaline and 
hydrolysis treatments. Figure 2a, b show the morphology 
of the raw material in which rib-like structures are present 
along with sheets-like structure (platelets). In a previous arti-
cle, it was determined in the presence of methylene blue, 
that the sheets and fibers are covered with lignin [23]. Fig-
ure 2(c) shows the main diameter and size distribution of 
the fibers contained in the raw material which are mostly in 
the range of 3.2–3.5 μm. After the bleaching/alkaline treat-
ment, it can be observed an important removal of the pectin/
lignin that wrapped the fibers of the raw material (Fig. 2d, e). 
A size decrease in diameter occurs now being in the range 
of 2.4–3.0 μm. After hydrolysis was performed (Fig. 2g–i) 
fibers totally lose the rib-like structure they had originally 
and they display a random orientation. Figure 2h shows an 
isolated fiber without impurities on the surface. The size 
decreased once again to be in the range of 1.6–2.0 μm.

More detailed images of the hydrolysis treated sam-
ples are shown in Fig. 3a–d in which two particles were 
analyzed by OM and SEM. When making a zoom within 
and at the edges of the particles, Figs. 3e, f, a matrix of 
nanofibers corresponding to nanocellulose can be seen. In 
Fig. 3e an isolated fiber shows parallel arrays of nanofi-
brils, which is a characteristic morphology in most of the 
micro cellulose sources [26], while Fig. 3f shows randomly 
arranged nanofibrils embedded in an amorphous cellulose 
matrix [22], which is characteristic of the two-dimensional 
nanocellulose [7]. The color-depicted (blue) in Fig. 3a, b 

Fig. 1  Images obtained by OM corresponding to a Raw Material, b Alkalinization Treated Sample and c Hydrolysis Treated Sample
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is caused by the light interaction with the nanoparticle, 
which can be observed due to the light interference, prob-
ing that the platelet has a thickness ≤ 100 nm. This behav-
ior was previous described in detail by Chavez-Guerrero 
et al. [22], using a nanoplatelet isolated from Agave salmi-
ana, showing that there is only dependence of thickness, 
regardless of the cellulose source. It can be appreciated 
that the cellulose fibril does not show any characteristic 
color, because of the size (≈2 μm), such difference in size 
can be appreciated in detail in Fig. 3c–f, corroborating 
previous reports [23].

ATR Spectroscopy

The ATR spectroscopic analyses of the raw material, alka-
line treated and the hydrolyzed samples show a series of 
compositional changes through the chemical treatments. 
The spectrum of the raw material exhibits a prominent 
peak at 1725 cm−1 which can be ascribed either to stretch 
modes of C=O bonds of the ester groups of hemicel-
lulose or to the ester bonds of the carboxylic groups of 
lignin, pectin and/or hemicelluloses. Raw material spec-
tra also show a peak at 1513 cm−1 attributed to stretch-
ing of the –C=C–bonds of the aromatic bonds of lignin. 

Fig. 2  SEM Images of a, b Raw Material, c, d Alkalinization Treated Sample, g–h Hydrolysis Treated Sample. The figures showed below the 
SEM Images c, f, and i corresponds to their respective fiber diameter size distribution
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The peaks described above cannot be found in the spectra 
of the alkaline and hydrolyzed samples, suggesting the 
elimination of most of the hemicellulose, pectin and lignin 
contained in the fibers throughout the chemical treat-
ments. The peak at 1424 cm−1 corresponds to the bend-
ing of –CH2– bonds. Multiple peaks can be observed in 
the range of 1200–950 cm−1 which can be attributed to 
the stretching vibration of –C–O– bonds [27] being the 
peak located at 1030 cm−1 the most prominent. The hydro-
lyzed sample exhibits more intense and a major number of 
peaks in the 1200–950 cm−1 range than the raw material 
due to its major content of cellulose. The band located at 
897 cm−1 is typical of the structure of cellulose and rep-
resents the deformation of glycosidic –C–H bonds with 
a ring vibration contribution of bending vibrations of 
–O–H bonds which are distinctive of β-glycosidic bond-
ings among anhydroglucose units in cellulose [28]. That 
peak is sharper and more intense in the chemically treated 
samples. The large peak located among 3600–3000 cm−1 
corresponds to the –O–H groups and varies slightly from 
the raw material to the treated samples which implies that 

the moisture content differs as a result of cellulose chain 
ruptures during hydrolysis treatment.

X‑Ray Diffraction (XRD)

Hydrogen bonding interactions and Van der Waals forces 
between adjacent molecules of cellulose cause its crystal-
linity [29]. Figure 5 shows the XRD patterns of the samples. 
The diffraction peaks located at 2θ = 22° and 15.58° repre-
sents the typical cellulose I diffractograms [30]. The patterns 
of the treated samples have more intense peaks than the raw 
sample which suggests a higher degree of crystallinity due 
to a higher amount of cellulose and the reduced amount of 
pectin and lignin which could shield the pattern peaks of 
cellulose. Thereby, the increment in the overall order of the 
chemical treated fibers can be ascribed to significant removal 
of hemicellulose, pectin and lignin traces in the course of the 
acid treatment to finally isolate the cellulose I, also previ-
ously seen in Fig. 4.

Crystallinity was determined by the peak height method 
described in Eq. (1). The crystallinity index (CrI) varies 

Fig. 3  Two Hydrolyzed Sam-
ples (BI-HT) analyzed by OM 
a, b and SEM c–f 
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from each sample increasing from 62.09% for the raw sam-
ple, 72.97% after alkaline treatment finally reaching 78.05% 
in the hydrolyzed sample. The crystallinity of the treated 
samples is comparable to the work made by Mueller et al. 
[14]. It has been reported that when highly crystalline bac-
terial cellulose is added as reinforcement the mechanical 
properties of nanocellulose will increase, creating a super-
strong network structure [31]. Then, the raise in the cellulose 
fibers crystallinity was expected to enhance the rigidity and 
strength of the films, reinforcing the all-cellulose films, as 
shown Fig. 6.

Tensile Strength Tests

The tensile stress–strain curves of the films obtained by 
alkaline and hydrolysis treatments are compared in Fig. 6. 
It can be observed that the films made with hydrolyzed 
can withstand greater amounts of stress and also can be 
deformed twice more than the alkaline samples due to its 
major amount of nanocellulose which increases the number 
of bonds within the film. The microfibers are entangled in 
BI-AT, attached by non-cellulosic materials (Fig. 2) which 
explains the rigidity of the samples, as shown in Fig. 6. After 
the hydrolysis, the fibers got loose (the reinforcing phase) 
increasing twice the strength of the film. While the cellu-
lose suspension during the casting remains liquid, the rear-
rangement of the fibers and nanoplatelets will be possible 
(nematic self-ordering), improving the mechanical proper-
ties of the BI-HT film.

The results agree with the observations of Ververis et al. 
[32] who state that tensile strength is directly proportional 
to cellulose content. Gindl et al. synthesized acetate butyrate 
films reinforced with cellulose reaching up to 128.9 MPa in 

tensile strength with an average maximum strain of ≈3.5% 
[33]. Besides, Eichhorn et al. made cellulose films from dif-
ferent samples of regenerated cellulose half of which not 
exceeded 6% of strain [34]. Also, reports on dissolved/regen-
erated laminar all-cellulose films [31] have shown a wide 

Fig. 4  ATR Analysis of Raw and Chemical Treated Samples

Table 1  Mechanical properties of cellulose films

Sample Average tensile strength  (Fmax) 
(MPa)

Average 
strain at  Fmax 
(%)

BI-AT 80.40 2.95
BI-HT 181.33 6.43

Fig. 5  Diffraction patterns of banana pseudostem samples

Fig. 6  Tensile test results of BI-AT and BI-HT samples (shown in the 
inset)
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range of properties, with values up to 106 MPa of tensile 
strength, which is similar to our results. Table 1 summarizes 
the data obtained from the tests.

Then, the increase in the tensile strength from alkaline 
to hydrolyzed samples can be attributed to: (i) the smaller 
fibers (Fig. 2i) makes tougher films because they create 
tighter networks with more junction points; (ii) the number 
of defect points of microfibers such as slits and pits were 
removed by downsizing fibers increasing the crystallinity 
index (Fig. 5), resulting in a delayed breakup of the samples.

Polymers degrade in several years, leaving plastic micro-
particles in soil and water around the world. But cellulose 
can be decomposed in a few months, since several organ-
isms, mainly fungi, use it as a source of energy through 
specific enzymes to obtain the sugars whit in the cellulose 
fibers or platelets [4, 35]. So, this material can be consid-
ered edible [36], acting as a dietary fiber in the case it is 
consumed by accident once disposed of.

In nature, Trichoderma longibrachiatum utilizes an enzy-
matic cocktail to degrade decaying biomass, recycling cel-
lulose to restore soil nutrients. The effect of Trichoderma 
longibrachiatum on banana pseudostem cellulose can be 
observed in Fig. 7, indicating 50% degradation in only 
7 days, producing reducing sugars as a residue. In both cases, 
a high rate of hydrolysis can be observed in the first 24 h, 
which is expected, since amorphous cellulose is consumed 
first [22]. Then a steady degradation rate can be observed for 
the next 6 days in the case of BI-HT, where we hypostatized 
that the cellulose nanoplatelets were hydrolyzed, instead 
of the highly ordered fibers. This can be corroborated by 
the CMC behavior under the same conditions since CMC 
is composed entirely of fibers (cotton linters), where the 
hydrolysis rate is clearly lower, almost half after 7 days.

Based on the results (Figs. 6 and 7), these films show 
great potential in the packaging industry, where even a small 

substitution of the synthetic polymers will diminish the solid 
waste problem, reducing environmental concerns [36]. Also, 
the cellulose that integrates the films was not previously dis-
solved, just isolated; such a process allows the use of fewer 
chemical reactants or the use of expensive procedures. Then, 
the all-cellulose films produced in this report show great 
potential for several applications [36] in the food and pack-
aging industry, ensuring a reduced time to degrade at the 
end of the useful life.

Conclusions

A substantial increase of crystallinity of banana pseudostem 
fibers was observed after chemical treatment which is attrib-
uted to the removal of amorphous non-cellulosic materials, 
e.g. lignin, hemicellulose or pectin. FTIR and electronic 
microscope observations confirm the removal of the above-
mentioned species. Free-standing films made of cellulose 
nanoplatelets and cellulose fibers showed a crystallinity 
index of 78.05, which can resist ≈ 180 MPa of stress with 
6% of average strain. Tensile tests made on the films shown 
good mechanical properties which gave them great poten-
tial in diverse applications as substitutes for polymers in the 
food or packaging industry. Downsizing fibers from micro to 
nanoscale reduces the number of defects within the nanofi-
brils, increasing their resistance because of its greater num-
ber of joints within the cellulose matrix (cellulose nanoplate-
lets). Finally, we demonstrated the feasibility of producing 
reducing sugars through enzymatic hydrolysis, which can be 
an indirect and rapid way to determine the biodegradability 
of such biopolymers in a determined time.
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