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Abstract Biopolymers are intended to substitute the

petroleum-based polymers and all-cellulose compos-

ite has emerged as a green alternative, especially if it

can be prepared through a method consuming less

energy and fewer chemicals. Here, a novel approach to

obtain a nanocomposite film made of cellulose fibrils

imbibed into a nanocellulose matrix is described.

Banana pseudostem was used as raw material and

characterized along with the resulting materials using

scanning electron microscopy, optical microscopy and

Raman spectroscopy, while the cellulose/nanocellu-

lose film was studied through X-ray diffraction, UV–

Vis-NIR spectroscopy and laser scanning microscopy.

Results indicate that cellulose (fibrils) and nanocellu-

lose (platelets), extracted from banana pseudostem

were successfully purified using hydrolysis at a

relatively low amount of chemicals. Transparent films

made of a fibrils/nanoplatelets blend were prepared by

the solution casting method, exhibiting a transmittance

of & 83–88% and a crystallinity index of & 70,

hence demonstrating the feasibility of this novel

method to obtain cellulose/nanocellulose free-stand-

ing films.
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Autónoma de Nuevo León, Pedro de Alba s/n,

66451 San Nicolás de los Garza, Nuevo León, México
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Abbreviations

BI-Ctrl Control sample

BI-Alk Sample under alkaline pretreatment

BI-Hyd Sample under acidic pretreatment

BP Sample under basic pretreatment

CNP Cellulose nanoplatelets

CrI Crystallinity index

XRD X-ray diffraction

OM Optic microscopy

SEM Scanning electron microscopy

LSM Laser scanning microscopy

Introduction

Recently, all-cellulose composites conformed of fib-

rils imbibed into a matrix become an interesting option

as biopolymer composites, since they are biodegrad-

able and considered environment-friendly materials

(Nishino et al. 2004; Dufresne 2013; Chávez-Guerrero

et al. 2017). Most composites are integrated of at least

two components, which are chemically different,

creating an interface between the matrix and the

reinforcement, which is usually a fiber. Some chal-

lenges duo to interface problems is poor adhesion, bad

fiber distribution, and moisture uptake by the com-

posites. To overcome these problems, the fiber and

matrix could be composed of the same polymer,

achieving compatibility, recyclability, and good

interfacial adhesion (Nishino et al. 2004; Yang and

Berglund 2018).

Cellulose is biosynthesized by land plants through

photosynthesis, is made of glucose molecules which in

turn are formed from water and carbon monoxide

(Ivakov et al. 2017). Converting light energy into

chemical energy using CO2 as a source of carbon is of

great advantage (Ivakov et al. 2017), especially when

glucose in the form of nanocellulose can be stored in

the cell wall. The petroleum based polymers have a

huge demand (Ferrer et al. 2017), which cannot be

covered at the moment by degradable biopolymers

(Adeodato Vieira et al. 2011), then a better process and

more suitable raw materials (biomass) must be studied

and developed (Chávez-Guerrero et al. 2017, 2018;

Dufresne 2013). Nanocellulose is one outstanding

product that can be obtained from residual biomass,

having low density, biodegradability, high aspect

ratio, great mechanical and chemical resistance, and

abundance (Dufresne 2013). Since cellulose is the

most abundant biopolymer on earth (Espino et al.

2014), it is reasonable to intend to take advantage of

this huge renewable source, where micro and nano-

materials can be isolated from biomass. Banana

production occurs worldwide, mainly in tropical

countries, with only some varieties been exploited

regardless of the 1200 available, sharing a common

characteristic (Aurore et al. 2009), all are perennial

plants that are disposed of once the fruit is collected

(single harvest), which can lead to an environmental

problem, if the residual biomass at the plantations is

not appropriately managed. The fruit is only 12% of

the total mass (Zuluaga et al. 2007); the rest consists of

leaves, rachis, peels, stalk, inflorescence, steam and

the pseudostem (Padam et al. 2014). The pseudostem

has a soft fiber in the innermost (stem) and coarse fiber
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at the outer section, which has been used mainly in the

textile industry. Over 117 million tons of banana fruit

were produced in 2015 (Banana market Review 2015),

mainly produced in Asia, Africa and Latin America.

Several ways to isolate nanocellulose using banana

pseudostem have been proposed. The approaches

include three general steps, which are: (1) pretreat-

ment of the raw material, (2) hydrolysis assisted by

concentrated acids (60–65%) (Mueller et al. 2014),

with a posterior (3) defibrillation by TEMPO/ultra-

sonication (Faradilla et al. 2016; Khawas and Deka

2016), mechanical milling (Phanthong et al. 2017;

Tibolla et al. 2018), steam explosion (Cherian et al.

2008; Deepa et al. 2011, 2015) or enzymatic treatment

(Tibolla et al. 2018). All of the processes reported (in

our best knowledge), require several steps (some steps

were done twice) to obtain the cellulose or nanocel-

lulose from banana pseudostem (and most raw mate-

rials), in consequence having a high consumption of

energy, chemicals and time. This paper aims to

introduce a novel process using the banana stem as a

raw material under alkaline peroxide treatment,

followed by hydrolysis using a low amount of acid

(2% v/v), hence producing an all-cellulose

nanocomposite.

Materials and methods

Materials

The chemicals used were H2O2, NaOH, H2SO4, and

methylene blue, were analytical grade reagent and

used without any further purification. The rawmaterial

was obtained from the state of Nuevo Leon in Mexico.

The inner banana pseudostem (Musa sapientum) was

collected after harvest, then cut into pieces of about

0.5 9 3 9 10 cm (thickness 9 width 9 length).

Mechanical separation

The banana stem samples were stored inside plastic

bags and frozen at -50 �C for 12 h, then freeze-dried

for 48 h until 80% of the water was extracted. Dried

samples were milled on a Bel Art 37250 Micro-Mill

Grinder for 30 s. The resultant powder was passed

through a #150 sieve, then used as a control and named

BI-ctrl thereafter.

Cellulose extraction

Five grams of the sample BI-ctrl were placed on a

conical flask containing 80 mL of deionized water,

20 mL of H2O2 (20% v/v) and 2 g of NaOH (2% w/v),

kept it under constant stirring at 100 rpm at 60 �C for

60 min to achieve the alkaline/bleaching procedure,

this sample was named BI-Alk thereafter. The disper-

sion was separated by filtration and washed with

deionized water two times; then H2SO4 was added

drop by drop to neutralize the suspension (pH 7) and

washed one more time. The hydrolysis was carried on

using 88 mL of deionized water with 10 mL of H2O2

(10% v/v) and 2 mL of H2SO4 (2% v/v). After that,

10 g of the sample BI-Alk was added to the solution,

kept it under constant stirring at 100 rpm for 10 min,

and then the dispersion was placed inside an autoclave

at 110 �C for 40 min. When the time lapsed, the

autoclave was turn off and opened once the internal

temperature reached 80 �C. The dispersion was sep-

arated by filtration and washed with deionized water

two times; then sodium hydroxide pellets were added

to neutralize the suspension (pH 7) and washed two

more times with deionized water. The resulting gel

(10% w/v) was labeled BI-Hyd thereafter. Using this

gel, which is a pulp rich in CNPs and cellulose fibrils

(BI-Hyd), free-standing films were produced by the

solution castingmethod on a Petri dish, then drying the

film in an oven at 40 �C for 5 h.

Micro Raman spectroscopy

Raman spectra were acquired using a Thermo Scien-

tific DXR Raman spectrometer coupled to an optic

microscope. The wavelength to excite the sample was

532 nm at room temperature, and a resolution of

4 cm-1. The measurements were recorded in a

wavenumber range from 250 to 1800 cm-1. A drop

of each sample was dried on glass microscope slide in

an oven at 40 �C for 3 h. The spectral data were

scanned for the acquisition of up to 5 accumulations

and 5 s exposure.

Optic microscope (OM)

A Leica light microscope DM 3000 model was used to

observe all samples at different scales. To enhance the

contrast between the glass and the samples, a

methylene blue solution of 0.1% (w/v) was used. A
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drop of each simple was deposited on a glass

microscope slide, and then it was dried at 40 �C for

2 h. Then, a drop of the methylene blue solution was

deposited on each sample for 30 s, then it was rinsed

with distilled water three times; finally, it was dried at

40 �C for 2 h.

Scanning electron microscope (SEM)

The samples were analyzed in a scanning electron

microscope FEI Nova NanoSEM 200, under high

vacuum with a secondary electron detector (ETD).

The microscope was operated at 5–10 kV, and work-

ing distance of 5 mm. The samples were dispersed in

ethanol, 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 observed without a

conductive coating.

Laser scanning microscope (LSM)

In order to obtain height profiles of the particles inside

the BI-Hyd sample, a ZEISS LSM 700 laser scanning

microscope (LSM) with a laser emitting at 405 nm

was used. A drop of the sample dispersion was

deposited on a silicon wafer and dried at 40 �C for 2 h,

and then the silicon wafer was glued to a glass

microscope slide. All images were acquired with the

1009 lens, using 512 9 512 pixels and 150 layers to

build each image.

UV–Vis-NIR spectrometer

The characterization of the optical properties was

performed using an Agilent Cary 5000 UV–Vis-NIR

spectrometer, equipped with an integrating sphere

with scatter transmission port and air as base line. The

percent transmittance and absorbance spectra were

acquired in the wavelength range of 400–800 nm at a

scan rate of 400 nm/min. The transparency (T) of the

films was calculated following the equation:

T = A550nm/x, where A is absorbance value at

550 nm and x is the film thickness in mm (Bao et al.

2009).

X-ray diffraction analysis (XRD)

The samples were analyzed by X-ray diffraction, in a

D8 Advance Bruker powder diffractometer at room

temperature. A Cu-Ka (k = 1.5406 Å) radiation was

used to collect the diffraction patterns within Bragg

angle 2h from 5� to 40�, using a step of 0.05� and a

time step of 1 s. The crystallinity index CrI was

calculated using the Eq. (1). The crystallinity index

(CrI) was calculated following the Eq. (1), where Itotal
indicates the maximum intensity at the plane 200 and

Iam the minimum diffraction intensity at& 18�, which
represents the amorphous contribution (Segal et al.

1959).

CrI %ð Þ ¼ Itotal � Iam

Itotal
� 100 ð1Þ

Results and discussion

Pretreatment process

Figure 1 shows the appearance of the involved

materials during the production of all-cellulose com-

posites. Figure 1a shows the characteristics of the

banana inner stem, having a 3 cm in diameter and

12 cm long. Once the material was freeze-dried

(Fig. 1b) and milled, the obtained powder became

darker, which is shown in Fig. 1c. The powder under

alkaline treatment become bright green/yellow

(Fig. 1d) and some of the lignin was extracted under

that procedure. Then, after the hydrolysis, the lignin

and inorganic crystals were totally removed, also the

bleaching was completed (Fig. 1e).

Micro Raman spectroscopy

The dactyloscopic region of cellulose in the Raman

spectra (300–1700 cm-1), provides a chemical insight

into what occurs to the sample after each step, as seen

in Fig. 2. The peaks at 1265 cm-1, 1607 cm-1 and

1635 cm-1 corresponding to lignin (Gierlinger et al.

2012) are clearly visible in the case of BI-Ctrl.

Nevertheless their intensities are shielding other

important peaks of cellulose. The peak at 1173 cm-1

in the raw sample spectrum is related to the hydrox-

ycinnamic acid, also found and reported inMiscanthus

sinensis (Ma et al. 2014). After the alkaline treatment

(BI-Alk), the lignin peaks were reduced but not

eliminated, allowing evaluating the grade of purifica-

tion at every step of the process. The characteristic

peaks of cellulose at 1095 cm-1, 1020 cm-1,
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898 cm-1, and 380 cm-1 were revealed in the spec-

trum of the BI-Alk sample after the bleaching/alkaline

treatment, coexisting with the ones of lignin, suggest-

ing a partial delignification (Gierlinger et al. 2012).

Once the hydrolysis is performed (BI-Hyd), the lignin

is solubilized and most contaminants eliminated

(pectin, proteins, salts), then the cellulose backbone

appears, corroborating a proper cellulose isolation.

Similar results were previously reported, when Agave

salmiana leaves were subjected to a low concentration

of H2SO4 in presence of H2O2, showing that nanocel-

lulose can be obtained from the parenchyma of

different plants (Chávez-Guerrero et al. 2017).

The spectrum corresponding to BI-Hyd indicates

the absence of lignin and other organic and inorganic

compounds, which shows that the hydrolysis proce-

dure, consisting only of 2% v/v of H2SO4 assisted by

H2O2, was enough to remove the remaining impurities

from the previously bleached material.

Microscopy analysis (OM, SEM, LSM)

The images obtained with the optic microscope (OM)

indicated the presence of phenolic groups, in a

qualitative way, because methylene blue is used to

detect pectin and lignin (Vermerris and Nicholson

2008), allowing to understand the effect of the

different chemical treatments on the samples. As

shown in Fig. 3a, the fibers and cell walls developed a

dark blue color, which suggest the presence of lignin at

the surface. However, after the alkaline treatment was

performed, the intensity of the color clearly decreased,

as seen in Fig. 3c. After the hydrolysis, the fibers

become loose (inset in Fig. 3e), presumably because

of the effect of the acid on the amorphous cellulose,

which may cause the breaking of the fiber continuity,

producing shorter fibers with no lignin on their surface

Fig. 1 Digital photographs of the samples on each step of the

procedure. The raw banana stem in (a), the lyophilized sample in

(b), the milled powder in (c), while the alkaline and acid

treatment are shown in (d) and (e) respectively

Fig. 2 Raman spectra showing the processes effect on the

biomass components
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(Fig. 3e–f). SEM images also help to elucidate that the

fibers have cylindrical shape with a diameter of

& 2.5 ± 0.3 lm, the measurements were done after

the hydrolysis process (BI-Hyd). As seen in Fig. 3a,

spiral structures were present in the raw material (BI-

Ctrl), however, the fibers appeared broken after the

alkaline treatment (BI-Alk). Similar results were

reported by Gañán et al. (2008), where the hierarchical

arrangements of the fibrous structures, named con-

ducting tissue, were presented.

Fig. 3 Images from the OM and SEM corresponding to BI-Ctrl in (a, b), BI-Alk in (c, d) and BI-Hyd in (e, f). The scale in the inset for
(a, c, e) is 50 lm

Fig. 4 SEM images of the rawmaterial containing parenchyma

and fibers, shown in (a) and (b) respectively. LSM image

showing the laminar/fiber structures in (d) and height profiles of

those structures in (e). A SEM image and a digital photo of the

film are shown in (c) and (f) respectively
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The LSM results showed that the cellulose

nanoplatelet (CNP) thickness has a maximum value

of & 78 nm (Fig. 4e), making it a nanostructure,

which has a strong influence in the optical properties

of the film, making it transparent (Fig. 4f). The good

fiber distribution results in the absence of bundles,

avoiding the light dispersion (Fig. 4c).

Due to CNPs have holes at different points, and the

thickness is variable along the nanoplatelet (Fig. 4e),

the thickness cannot be considered homogeneous, for

this reason only the maximum height is reported

(& 78 nm) to prove that the CNP is a nanoparticle

(ISO 2015), which was previously reported by

Chávez-Guerrero et al., in the case of Agave salmiana

(Chávez-Guerrero et al. 2017).

The LSM images also exhibit the characteristics of

both structures (Fig. 4d), which are the fibrils

(Fig. 4b) and the CNPs (Fig. 4a), corresponding to

the cellulose/nanocellulose components inside the

film (Fig. 4c), both extracted from the banana

pseudostem. The interaction of both laminar and

fibrous structures produces a free-standing/translucent

film. The SEM images suggest that the lamellar

nanostructures act as a matrix and plasticizer to keep

embedded the fiber and give some flexibility to the

film (Adeodato Vieira et al. 2011), since the CNP is at

least 30 times thinner than the fiber (Fig. 4e).

Cellulose/nanocellulose isolation

The film made of CNPs/microfibrils showed 83–88%

of transmittance (Fig. 5a) and the transparency value

(T) was 2.5 (± 0.66) obtained from different zones of

films with & 30–40 lm thickness. As previously

seen, Raman results indicate a proper lignin removal

(Fig. 2), which is in accordance with the good

transmittance presented by the composites. Those

values, are comparable with films made entirely of

nanocellulose (& 80% at 550 nm), or a blend of

nanocellulose and synthetic polymers (Chen et al.

Fig. 5 The nanocellulose film transmittance is shown in (a). XRD results are shown in (b) indicating the crystallinity and SEM images

showing the nanofibrils inside the CNPs in (c–e)
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2014; Sun et al. 2018; Yang and Berglund 2018). It is

important because the success of polymers e.g. used in

packaging lies in the ability to display their interior

(Ferrer et al. 2017). In the case of natural fibers, the

thinner the fibers, the higher the quality of the fiber,

which could give an insight of the properties of the

banana pseudostem fiber when used as reinforcement

(Ferrer et al. 2017). A good fiber dispersion can be

seen in Fig. 4c, also appreciated in the inset of Fig. 5a,

which corresponds to an image from the optic

microscope coupled at the Raman spectrometer. Such

observation was also supported by the good transmit-

tance presented by the all-cellulose film, which

overcomes the most common problem for composites,

the inhomogeneous fiber distribution. However, more

experiments and characterization have to be done in

future works, to obtain the fiber distribution and the

possible use of this material in e.g. packaging or

transparent substrate. The Fig. 5e shows a hole in the

middle of one CNP, which was previously seen in a

LSM image (Fig. 4d), suggesting a selective solubi-

lization of the amorphous material during the

hydrolysis.

XRD diffractogram in Fig. 5b indicates a success-

ful purification of the cellulose. The amorphous

material has an important inference in the profile

shape, which suggests a mix of a highly crystalline

material, such as the fiber, and a less crystalline

structure, the CNPs. The characteristic peaks of

cellulose can be observed at 15.1� (double) and

22.3� (French 2014), with a crystallinity index of

CrI = 70.2%. This result was accomplished due to the

treatment effectiveness. A small peak around 35� is

due to the parallel ordering of cellulose inside the fiber

(French 2014), while the nanoplatelets do not con-

tribute to the intensity of that peak. These results are in

agreement with previous reports and Raman results,

where cellulose nanoplatelets extracted from Agave

salmiana were observed (Chávez-Guerrero et al.

2018).

Previous reports indicate the CNPs are composed of

nanofibrils (Chávez-Guerrero et al. 2018), which are

inherent to the plant cell wall (parenchyma), as it can

be seen in Fig. 5c–e, which is also true in the case

CNPs extracted from the banana stem. A schematic

representation of a CNP and amicrofibril is depicted in

Fig. 6, nanofibrils at the border of the CNP can be

seen, where most of the fibrils remain entangled,

allowing a possible anchorage between CNPs or even

with the microfibrils. Using the same material as

matrix (nanocellulose) and reinforcement microfibril

(cellulose), some great advantages such as better

interaction and adhesion thorough hydrogen bonding

and less weight can be expected (Nishino et al. 2004),

Fig. 6 Schematic representation of the all-cellulose components of the composites, CNP and microfibrils
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suggesting a future trending in the production of

biodegradable nanocomposites.

Also, Fig. 6 shows the appearance of a CNP once is

purified, after the hydrolysis process, suggesting a

proper elimination of lignin, as established by the

XRD and RAMAN results. The two components

inside the transparent films are made of cellulose

(microfibril) and nanocellulose (CNP), purified at the

same time from the inner banana pseudostem, which

suggests potential advantages when used as an all-

cellulose composite.

Conclusions

As stipulated in this novel method, less H2SO4 was

required for the cellulose purification using the banana

pseudostem, only 2%, compared to the usual 64%.

Also, no need of treatment was required after hydrol-

ysis to obtain the nanocellulose. Raman results

unveiled a first stage of partial delignification and

bleaching, and then the nanocellulose purification

through hydrolysis was successfully conducted. Cel-

lulose nanoplatelets (CNP) with a thickness of

& 78 nm and cellulose microfibrils of

[ = 2.5 ± 3 lm were purified at the same time. An

all-cellulose composite was produced using a combi-

nation of a nanocellulose matrix and cellulose fibrils,

both extracted from the inner banana pseudostem. A

free-standing film made of a cellulose/nanocellulose

biopolymer, with & 83–88% transmittance and crys-

tallinity index of 70.2 was successfully obtained.
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