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Rice straw (RS) is one of the most globally abundant agro-industrial residues. For its valorisation, a green
combined ultrasound-reflux heating method was applied to obtain cellulose fibres (CF) from RS. The new method
produced CF with a higher yield (37%) than the alkaline process (29%), more hydrophilic, and with a lower
tendency to aggregate. Despite the slightly different degree of purification detected by the chemical and FTIR
analysis, both fibres exhibited similar crystallinity, thermal behaviour, morphogeometric characteristics, and
aspect ratio distributions (20-60). Both CF showed similar reinforcing capabilities in methylcellulose/gum
Arabic films, enhancing the film stretchability and resistance to break by about 33% and 20%. Non-noticeable
changes in water vapour permeability and the light internal transmission were observed, indicating good
compatibility CF-polymer matrix. Therefore, using the ultrasound-heating method to obtain CF is an eco-
friendlier process than the alkaline treatment, supplying suitable fibres as industrial reinforcing agents.

Industrial relevance: Ultrasound, an emerging technology in food processing, combined with reflux heating, can be
a green alternative for obtaining cellulose microfibres for industrial applications. The new combined method was
faster than the alkaline process (1.5 h vs. 6 h) and was more environmentally-friendly since it does not require a
strong alkaline solution. Besides, both cellulose microfibres exhibited similar performances when incorporated
into a polymer matrix. These results boost knowledge in the food packaging field, as well as the valorisation of

agro-industrial wastes for industrial applications.

1. Introduction

Agricultural residues generated as wastes during or after the pro-
cessing of agricultural crops are one example of a renewable resource
that is available in huge amounts. Many of these agricultural residues
are lignocellulose-rich, primarily containing cellulose, lignin, hemicel-
lulose, and extractives, such as phenolic compounds (Saini, Saini, &
Tewari, 2015). So, the agro-industrial waste derivatives could be used as
value-added materials with antioxidant and antimicrobial properties
(Freitas, Gonzalez-Martinez, & Chiralt, 2020; Menzel, Gonzalez-Marti-
nez, Vilaplana, Diretto, & Chiralt, 2020; Prakash et al., 2018), biomass
for fuel production (Casabar, Ramaraj, Tipnee, & Unpaprom, 2020;
Takano & Hoshino, 2018) or reinforcing fillers in polymeric materials
useful in food packaging. The application of lignocellulosic agro-wastes
in food packaging manufacturing processes is highly promising since
these are renewable materials and their use contributes to boosting the
management and valorisation of agro-industrial waste in the context of
the circular economy (Collazo-Bigliardi, Ortega-Toro, & Chiralt, 2019;
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Freitas et al., 2020; Ng et al., 2015a; Sharma et al., 2019). Many studies
have reported the isolation of different cellulose fractions from ligno-
cellulosic by-products for different purposes. Residues, such as walnut
shell, corncob and sugarcane bagasse (Harini & Chandra Mohan, 2020),
pea and broad beans (Kassab, 2020), sugar palm (Ilyas et al., 2019),
sugarcane bagasse (Saha & Ghosh, 2019), coffee and rice husk (Collazo-
Bigliardi, 2018; Kargarzadeh, 2017; Requena et al., 2019) and rice straw
(RS) (Boonterm, 2016), have been characterised as to their cellulose
content and extraction.

Rice (Oryza sativa L.) is one of the most important global crops, with
an annual world production of 780 million tons, which generates a large
amount of RS (FAOSTAT, 2018; Peanparkdee & Iwamoto, 2019). RS, the
leftover from rice production that includes stems, leaf blades, leaf
sheaths, and the remains of the panicle after threshing, is one of the most
abundant lignocellulosic waste materials in the world (Saini et al.,
2015). After harvesting, the RS by-product is usually burned in the
fields, which causes environmental and health problems in the popula-
tion living near the rice paddies (Peanparkdee & Iwamoto, 2019; Sarkar,
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Ghosh, Bannerjee, & Aikat, 2012). Considering that the lignocellulosic
fraction represents approximately 70% of the RS dry matter (Barana,
Salanti, Orlandi, Ali, & Zoia, 2016), taking advantage of the cellulosic
derivatives from this residual biomass is of great interest, as is their use
as reinforcing agents in polymeric materials. Numerous studies can be
found using nanocellulose (crystals of fibres) from different sources as
reinforcement agents. In particular, micro or nanocrystals (CNC) from
RS have been incorporated into different polymeric matrices, such as
polyvinyl alcohol (PVA) (Ching, Rahman, Ching, Sukiman, & Cheng,
2015), or cellulose acetate (Hassan et al., 2019). Nevertheless, few
studies reported the use of cellulose fibres (CF). The use of CF instead of
nanocrystals presents some advantages, such as a higher cellulose yield
and a greater strength and elastic modulus, due to the higher aspect ratio
of CF and fibre entanglements (Xu, 2013). The fibre entanglements play
an important role in the force transferring from matrix to fibrils and
from fibrils to fibrils.

The lignocellulosic fraction of RS consists of a complex matrix
assembled by semicrystalline cellulose microfibrils, as the primary fibre
component, linked to a cementing matrix composed of hemicellulose
and lignin (Chen, 2011). Separating cellulose into its elemental form of
nanofibrils, approximately 3-20 nm in width, is a difficult task. Among
the chemical and physical treatments for obtaining cellulose fibres, the
most common method focuses on treating biomass with a strongly
alkaline sodium hydroxide solution. This alkaline treatment, also known
as mercerisation, promotes the degradation of a substantial fraction of
hemicellulose, lignin, and waxes present in the cellulosic material
(Boonterm, 2016; Zhang, Smith, & Li, 2014). However, the alkaline
treatment is associated with environmental problems due to the large
amounts of contaminant alkaline solvent used and the need for a large
quantity of water with which to wash the material after the extraction
process (Boonterm, 2016). Moreover, the highly alkaline environment
can induce the formation of stable bonds between hemicellulose and
lignin, limiting the biomass delignification step (Salam, Reddy, & Yang,
2007). In this sense, some studies have been conducted to eliminate
alkaline treatment in the cellulose purification, using steam explosion
technique (Wang, 2018). Other more environmentally-friendly alter-
native treatments, such as combined ultrasound and heating processes,
could also be used to replace the alkaline treatment in the extraction of
hemicellulose and lignin from biomass. This combined process has been
previously applied to obtain active extracts from RS with high extraction
yield and antioxidant activity (Freitas et al., 2020). Being the extraction
residue rich in cellulosic components, it has a great potential to be used
as a source of cellulose fibres since it has been partially purified. Like-
wise, the US treated plant tissue could be more easily bleached due to
the structural alterations provoked by the combined extraction process.
In this sense, an integral process consisting of extraction of active
compounds and obtaining cellulose fibres could be designed for a better
valorisation of RS.

Ultrasound-assisted extraction (UAE) is an emerging, green opera-
tion that applies intense mechanical shear forces in a plant matrix to
disrupt its primary structure and leach out target compounds (Cheung &
Wu, 2013). The high shear rates stem from acoustic cavitation, a phys-
ical phenomenon characterised by the collapse of air or water vapour
bubbles formed by the compression and rarefaction of ultrasonic waves
propagating in the solvent (Ojha, 2020; Sumere et al., 2018). Likewise,
another eco-friendly technique to extract compounds from lignocellu-
losic matrices is the heating of the aqueous dispersion of ground plant
matrix at high temperatures (above 100 °C) (Wanyo, Meeso, & Sir-
iamornpun, 2014). This promotes the cleavage of covalent bonds and
Van der Waals forces present in the lignocellulosic fraction, extracting,
or degrading, part of the hemicellulose, lignin, and other components
(Korotkova et al., 2015). To enhance the water extraction efficiency of
RS compounds, Freitas et al. (2020) applied ultrasound (US) as pre-
treatment, followed by a reflux heating step. The extracts obtained by
using US pre-treatment had the highest levels of phenolic compounds
and total solid content, due to the greater extraction of hemicellulose
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and lignin fractions. To the best of our knowledge, the combined
ultrasound-reflux heating method has not yet been used as a step for
obtaining cellulose fibres from RS.

Of the potential applications of cellulosic fibres, their reinforcing
capacity may improve the functional properties of films aimed to food
packaging. In this sense, Methylcellulose (MC), a biopolymer derived
from cellulose, composed of methyl substitution groups linked to the
native cellulose backbone (Nunes et al., 2018), is a biodegradable, non-
toxic, with good adhesiveness, biocompatibility, and mechanical prop-
erties, with promising potential to be used as a food packaging material
(Saha & Ghosh, 2019). Incorporation of cellulose fibre in this polymer
matrix may improve its performance as packaging material. Likewise,
the incorporation of other components such as gum Arabic (GA), a
polysaccharide-protein complex, which can act as compatibilizer
(Amalraj, Haponiuk, Thomas, & Gopi, 2020; Xu et al., 2018), could
improve the fibre function in the film, promoting the reinforcing effect.

Therefore, the aim of this study was to obtain cellulose fibres (CF)
from RS by applying the combined ultrasound-heating method plus a
bleaching step. Ultrasounds were also applied to disaggregate fibre
bundles in water medium and the fibrils were tested as reinforcing
agents in Methylcellulose/Gum Arabic blend films. CF were charac-
terised as to their different nano and microstructural characteristics,
thermal behaviour and reinforcing capacity and compared with those
obtained by applying the conventional alkaline treatment.

2. Material and methods
2.1. Plant material and chemicals

RS (O. sativa L. var. J. Sendra) was collected in a L’Albufera paddy
field (Valencia, Spain), dried (50 + 2 °C, 0.5 mmbar for 16 h), milled (3
cycles of 90 s each) using a grinding machine (IKA, model M20, Ger-
many), and sieved to achieve particle sizes of under 0.5 mm. Methyl-
cellulose (MC: viscosity of 15 cP), gum Arabic (GA), sodium chlorite,
and sodium hydroxide were supplied by Sigma-Aldrich (United States).
Glycerol, acetic acid, magnesium nitrate (Mg(NOs)2), and phosphorus
pentoxide (P20s) were purchased from Panreac Quimica (Spain). So-
dium acetate trihydrate was supplied by FlukaTM (Germany).

2.2. Purification treatments of the cellulosic fraction from RS

2.2.1. Combined ultrasound-heating treatment

An alternative treatment based on a consecutive combination of ul-
trasound and heating was applied to extract hemicellulose and lignin
fractions from RS. Firstly, a RS aqueous dispersion (5%, w/v) was son-
icated for 30 min with a probe-type high-intensity ultrasonic homoge-
nizer (Vibra Cell™ VCX750, Sonics & Material, United States), using
750 W power, 20 kHz frequency, and 40% sonication amplitude. During
sonication, sample was immersed in an ice bath to control the temper-
ature that raised from 25 to 40 °C. The total ultrasonic power applied to
the extraction system was calculated according to the calorimetric
method (Kimura et al., 1996), with some modifications. To this end, the
temperature increases of the system containing water was recorded
every minute, by duplicate, and the applied acoustic power was calcu-
lated from the slope of the temperature-time curve. The obtained value
was 31 + 3 W, lower than the electric power of the equipment (750 W).

After sonication, the dispersion was heated at reflux temperature
(100 °C) for 1 h, filtered and washed several times with distilled water to
eliminate water soluble extract retained in the solid. The insoluble
fraction from the combined (RUH) method was dried at 35 + 2 °C for 48
h.

2.2.2. Alkali treatment

The alkali treatment was carried out following that described by
Collazo-Bigliardi (2018), using an RS: sodium hydroxide solution (4.5%,
w/v) at a ratio of 1:20 (w/v). The plant dispersion was heated at reflux
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temperature (100 °C) for 3 h. Afterwards, the insoluble material (RALK)
was filtered, washed with distilled water until neutral pH to eliminate
the alkali solution, and dried at 35 + 2 °C for 48 h. Three RS samples
were treated with alkaline solution twice.

2.2.3. Bleaching treatment

The samples obtained from those previously described treatments
were bleached, following Requena et al. (2019), with some modifica-
tions. The bleaching solution was obtained by mixing equal parts of
distilled water, acetate buffer solution (2 N), and sodium chlorite (1.7%,
w/v). Thus, the cellulosic material was mixed with the bleaching solu-
tion (5%, w/v) and heated at reflux for 4 h. Afterwards, the dispersion
was filtered and washed with distilled water until the complete removal
of bleach solution residues. The bleached materials (RALK-B and RUH-
B) were dried at 35 °C for 24 h. For each cellulosic sample, the
bleaching process was performed four times while the process was
repeated three times on different samples.

2.3. Characterisation of CF from RS

2.3.1. Moisture content

The equilibrium moisture content of cellulosic fractions was deter-
mined gravimetrically. Approximately 1.5-3 g of each cellulosic fraction
was conditioned at 25 °C and different relative humidity (RH), in des-
iccators with different salt saturated solutions (MgCla: 53%; NaCl: 75%;
and KCl: 84%) for two weeks and then were dried at 60 °C for 24 h.
Afterwards, the samples were placed in a desiccator at 25 °C with PoOs
for two weeks. The moisture contents were determined from the total
weight loss of the conditioned samples and expressed as percentage on
dry basis. The analysis was performed in triplicate for each treatment.
Samples of RS were conditioned at 53% RH before their use and the
equilibrium moisture content (5.1 + 0.3 g/100 g d.s.) was obtained by
the same procedure.

2.3.2. Chemical composition

The cellulose, hemicellulose, and lignin content of the untreated RS
and each lignocellulosic fraction was performed according to the stan-
dard NREL method (NREL/TP-510-42,618) (Sluiter, 2008b). In brief, the
cellulosic materials were subjected to hydrolysis with sulfuric acid, and
the lignin content was determined in the insoluble fraction. At the same
time, the hydrolysed soluble fractions were used to quantify the sugar
composition (typically glucose, xylose, and arabinose) by using high-
performance liquid chromatography (HPLC, Agilent Technologies,
model 1120 Compact LC, Germany). A HILIC Luna Omega Sugars col-
umn (150 x 4.6 mm, 3 pm) and an evaporative light scattering detector
(ELSD Agilent Technologies 1200 Series, Germany) were used. The
mobile phase was water: acetonitrile (25:75), in isocratic mode, at a flow
rate of 0.8 mL.min"!. The detector conditions were: 40 °C, 3.0 bars of
gas pressure (N2), and gain of 3. The software used was ChemStation
program (Agilent Technologies, Germany). The cellulose content was
expressed as % wt. of glucose in relation to the initial solid fraction,
while the hemicellulose concentration was determined by the sum of the
xylose and arabinose contents. Before the hydrolyses, the untreated RS
and the insoluble fractions after ultrasound (RUS) and reflux heating
(RUH) treatments were subject to a water extraction according to the
standard NREL method to determine extractives in biomass (NREL/TP-
510-42,619) (Sluiter, 2008a). The ash content was determined ther-
mogravimetrically using a thermogravimetric analyser (TGA 1 Stare
System, Mettler-Toledo, Switzerland). Samples (3-4 mg) were heated
from 25 to 700 °C under nitrogen flow (10 mL.min~ 1) and a heating rate
of 10 °C.min"!. The residual mas was considered as ash content.

2.3.3. Morpho-geometric analyses

Both untreated samples and those obtained in each fibre isolation
step were evaluated by using an optical microscope (Optika Microscope
B-350, Italy) equipped with a camera (Optikam B2). The samples were
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prepared at 0.001 mg.mL ™}, placed on the glass slide, and observed at
10x and 40x magnification. Bleached fibre dispersions (0.001 mg.
mL 1) were sonicated using a probe-type high-intensity ultrasonic ho-
mogenizer (Vibra Cell™ VCX750, 750 W power, 20 kHz frequency,
Sonics & Material, United States) for 20 min before the microscopic
observation.

The morphogeometric characteristics of sonicated CF dispersions
were determined by measuring the particle length and width. For each
sample, a minimum of 50 measurements were taken using the Optika
Vision Lite program. The results were expressed in cumulative distri-
butions for each parameter.

The particle size distributions of the water dispersed (0.001 mg.
mL 1) and sonicated bleached samples (0.001 mg.mL’l, 20 min ultra-
sound) were also analysed by using a laser-diffraction particle size
analyser (Mastersizer 3000, Malvern Instruments, UK) operating based
on the Mie theory. The refractive and absorption indexes of 1.52 and 0.1,
respectively, were considered. The samples were diluted, stirred at 1900
rpm, and fed into the system until an obscuration rate of 10% was
achieved. The size distribution plots were obtained using volume frac-
tion of particles vs. size. The measurements were taken in triplicate.

2.3.4. Field emission scanning electron microscopy (FESEM)

The morphological characteristics of the cellulosic materials were
analysed by using Field Emission Scanning Electron Microscope
(ULTRATM 55, Zeiis, Oxford Instruments, UK). The samples were
covered with platinum and the micrographs were obtained at an ac-
celeration voltage of 2.00 kV.

2.3.5. Fourier transform infrared spectroscopy (FTIR)

A FTIR spectrometer (Vertex 80, Bruker AXS GmbH, Karlsruhe,
Germany) equipped with microscopic (Hiperion) and attenuated total
reflectance accessories was used to evaluate the vibrational profile of the
functional groups present in the obtained CF. FTIR spectra were ob-
tained at a resolution of 6 cm™?, in the wavelength range of 4000-650
em ™}, and performing 128 scans for each spectrum. The measurements
were taken 5 times for each sample.

2.3.6. X-ray diffraction analysis (XRD)

The X-ray diffraction spectra of the cellulosic samples were obtained
with an X-ray diffractometer (AXS/D8 Advance, Bruker, Karlsruhe,
Germany) using Ka-Cu radiation (A: 1.542 10\), 40 kV, 40 mA, step size of
2.0°.min"!, and a 20 scanning angle between 5° and 40°. The condi-
tioned samples (25 °C and 53% relative humidity (RH)) were spread and
compacted to cover the sample holder. For each treatment, the crys-
tallinity index (CI, expressed as a percentage) was determined following
the Seagal et al. (1959) method, which relates the maximum intensity of
200 lattice diffraction (Ingg, crystalline peak) and the diffraction in-
tensity at 20 = 18° (Iy 15°, amorphous phase valley). The data were
obtained using XRD Commander software (Bruker AXS GmbH, Karls-
ruhe, Germany) and processed with DIFFRAC.EVA (Bruker AXS GmbH,
Karlsruhe, Germany) and DRXWin (Windows, version 2.3) software.

(Loo — Do 15°)

CI (%) = B 100 @

2.3.7. Thermogravimetric analysis

A TGA analyser (TGA 1 Stare System analyser, Mettler-Toledo,
Switzerland) was used to analyse the thermal behaviour of the cellu-
losic samples under nitrogen atmosphere (10 mL.min™}!). Samples of
about 3-4 mg were weighed in an alumina pan and heated from 25 to
700 °C. Before the analysis, the samples were conditioned in desiccators
with P05 at 25 °C for 2 weeks. The thermogravimetric and their de-
rivatives curves were analysed using the STARe Evaluation Software
(Mettler-Toledo, Switzerland) to obtain the initial temperature (Topget),
the temperature at the maximum degradation rate (Tpeak), and the mass
loss percentage in each detected thermal event. The measurements were
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Table 1
Mass fraction (g/g) of the different components (MC: methylcellulose; GA: gum
Arabic; Gly: glycerol; CMF: cellulose microfibres) present in the composite films.

Formulations Xnme Xga Xaly Xcmr
Control 0.7500 0.0833 0.1667 -
USH-1 0.7438 0.0823 0.1653 0.0086
USH-3 0.7317 0.0813 0.1626 0.0244
USH-5 0.7200 0.0800 0.1600 0.0400
ALK-1 0.7438 0.0823 0.1653 0.0086
ALK-3 0.7317 0.0813 0.1626 0.0244
ALK-5 0.7200 0.0800 0.1600 0.0400

taken in triplicate.

2.4. Reinforcing capacity and effect on physical properties in composite
films

To evaluate the reinforcing capacity of the obtained fibres, films of
Methylcellulose (MC) and Gum Arabic (GA), a polysaccharide-protein
complex fully compatible with MC polymer (Amalraj et al., 2020; Xu
et al., 2019), were obtained and characterised, using different ratios (1,
3 and 5 wt% with respect to the total polymer mass) of cellulose fibres.
These blends were chosen on the basis of the good fibre compatibility
visually observed. Table 1 summarises the different composition of the
obtained films. Aqueous dispersions of cellulose fibres at different con-
centrations were sonicated (Vibra Cell™ VCX750, 750 W power, 20 kHz
frequency, Sonics & Material, United States) at 25 °C (using an ice bath)
for 20 min for the purposes of obtaining the films. Afterwards, MC (6%
wt.) was added to the sonicated aqueous dispersions of cellulose fibres at
85 + 2 °C and 700 rpm for 1 h (solution 1). Solution 2 was prepared by
dispersing GA (2% wt.) in distilled water at 50 + 2 °C and 700 rpm for 1
h. After that, a volume of solution 2 was mixed with solution 1 to reach
the MC:GA mass ratio of 9:1. Later on, glycerol (20% wt. with respect to
the total polymer mass) was added, and the final solution was stirred at

Rice straw (RS)

Alkali
treatment

Milling and

sieving

v
Ultrasound-
—— Heating —»

treatment

RS (< 500 pm)
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50 + 2 °C and 700 rpm for 1 h. The amount of dispersion equivalent to 2
g of MC/GA blend was poured onto 150 mm diameter Teflon plates and
dried at 25 & 2 °C for 72 h. The cast films were labelled as USH-1, USH-3,
USH-5, ALK-1, ALK-3, ALK-5, where the number indicates the wt. per-
centage of CF in the films, with respect to the polymers and USH or ALK
indicate the method used to obtain the cellulose fibre prior to the
bleaching process. As control samples, fibre-free MC/GA blended films
were used. Before the characterisation, the composite films were
conditioned at 53% RH (using a Mg(NO3), over-saturated solution) for
one week. The films were prepared in triplicate.

2.5. Film characterisation

The optical properties (transparency and colour) were analysed in
composite films. A spectrocolorimeter (CM-3600d, Minolta Co., Japan)
was used to determine the reflection spectra (R) of the films from 400 to
700 nm, obtained on white (Rg) and black (Ro) backgrounds. The in-
ternal transmittance (T;) used to determine the transparency and the
infinite reflectance (R,) were obtained, following the Kubelka-Munk
theory of multiple scattering (Egs. (2)—(5)). Film colour coordinates L*
(lightness), a* (redness-greenness), and b* (yellowness-blueness) were
obtained from the R, spectra, using D65 illuminant and 10° observer.
Chroma (C*) and hue angle (h*) were obtained following Egs. (6) and
(7), respectively. The measurements were taken six times for each
sample (Andrade, Gonzalez-Martinez, & Chiralt, 2020).

T,' = ((1+R0)2 — b? (2)

R.=a—-b 3)
1 Ry—R+R,

1l P @

RALK RALK-B

RUH

Fig. 1. Different fractions obtained in the cellulose extraction process by applying a combined US-heating process or alkaline treatment before the bleaching step.
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Table 2

Yield, chemical composition (% wt.), and the ashes content of RS and the cellulosic fractions at different treatment steps (mean values =+ standard deviation of three
replicates).

Sample Yield (% wt.) Water extractables (% wt.) Cellulose* (% wt.) Hemicellulose* (% wt.) Lignin (% wt.) Ashes (% wt.)
RS - 9.3 +£0.8* 36.7 & 0.4° 19.3 £ 0.1% 21.2 + 0.5 17 £ 2°

RUS 85.5 123+ 0.2° 37.3 +0.1% 21.3 +0.2° 20.5 + 0.2 12+1°

RUH 80.1 14.8 £ 0.1¢ 40.3 +0.8¢ 20.1 +1.2° 19.7 +1.4* 11 +1°
RALK 31.2 n/a 54.6 + 3.1¢ 8.2 +1.2¢ 6.6 +1.7° 8+ 1¢
RUH-B 37.4 n/a 65.9 + 0.7° 15.6 + 0.4° 5.2 +0.2° 5+ 2%
RALK-B 29.5 n/a 73.4 £2.1° 10.1 4+ 0.8° 2.6 + 0.4¢ 2+ 34

" Cellulose was reported as % wt. of total glucose content in relation to the initial solid fraction; hemicellulose concentration was determined by the sum of the xylose

and arabinose contents.

b=Va* -1 5)

C'=Va?+b? (6)

h' = arctg (i) (@]
a

The water vapour permeability (WVP) of films, expressed in g.mm.
kPa~! h™L.m 2, was determined gravimetrically, following ASTM E96/
E96M (ASTM, 2005) with a modification proposed by McHugh et al.
(1993). The samples were cut and placed in circular cups (@ = 3.5 cm)
containing 5 mL of distilled water (100% RH). Then, the cups were put
into desiccators at 25 °C and 53% RH (Mg(NOs3), over-saturated solu-
tion), which promoted a constant RH gradient of 47% through the films.
The systems were weighed every 1.5 h for 24 h, and the water vapour
transmission rate was determined from the slope of the curve given by
weight loss vs. time. The measurements were taken in triplicate.

The equilibrium water content of the films was determined gravi-
metrically following the method of Collazo-Bigliardi et al. (2019), with
modifications. About 500 mg of each conditioned film (25 °C and 53%
RH for one week) was dried at 60 °C for 24 h and then placed in a
dissector at 25 °C with P,0s5 for two weeks. The moisture content was
obtained from the mass loss of the film samples. The measurements were
taken in triplicate.

The thickness of films was measured using a digital micrometer
(Palmer, model COMECTA, Barcelona, accuracy of 0.001 mm) at ten
random film positions.

According to ASTM D882 (ASTM, 2012), a universal testing machine
(Stable Micro Systems, TA.XT plus, England) was used to determine the
tensile properties of the films. The force-distance curves were obtained
and transformed into stress-Hencky strain curves. The mechanical
behaviour was analysed in terms of elastic modulus (EM), tensile
strength (TS) and percentage of elongation at break (%E). The
pre-conditioned (53% RH) film samples (25 mm x 100 mm) were
stretched at a crosshead speed of 12.5 mm.min ! by two grips initially
separated by 50 mm. Eight samples for each treatment were evaluated in
triplicate.

2.6. Statistical analysis

The experimental data were submitted to analysis of variance
(ANOVA) using the Minitab statistical program (version 17), consid-
ering a confidence level of 95%. Differences between the responses of
the treatments were determined by Tukey’s studentised range (HSD)
test, using the least significant difference (a) of 5%.

3. Results and discussion
3.1. Extraction and purification process of CF
Fig. 1 shows the appearance of the products obtained in each step of

the processes used for obtaining CF from RS: the alkaline treatment and
the sequential combination of ultrasounds and reflux heating of the RS

aqueous dispersion, both followed by a bleaching step. The appearance
of the RUH-B fibres (Fig. 1) suggests that the combined ultrasound-
heating process was comparable to that performed with alkaline solu-
tion (RALK-B) since both products exhibited similar whiteness. The
untreated RS particles and the cellulosic fractions were characterised as
to their chemical composition, nano and microstructural characteristics
and thermostability. The reinforcing capacity of cellulosic fibres was
evaluated once incorporated into MC polymeric films.

Table 2 summarizes the yield (referred to the initial dry RS) of the
different solid fractions from each stage of obtaining process of the
cellulose fibres, as well as water extractables and the chemical compo-
sition of raw RS and different fractions. The lower yields obtained at
each stage (31.2% and 29.5% for RALK and RALK-B, respectively)
suggested that the alkaline method was more effective at extracting non-
cellulosic compounds than the RUH treatment, with greater yields in the
insoluble material (85.5%, 80.1% and 37.4% for RUS, RUH, and RUH-B,
respectively). Thus, the alkaline process seems to promote greater tissue
degradation with higher removal of hemicellulose, lignin, and waxes
from RS (Faruk, 2012; Jones, Ormondroyd, Curling, Popescu, &
Popescu, 2017; Pickering, Efendy, & Le, 2016), giving rise to a more
purified cellulosic fraction. This was confirmed by the chemical
composition analyses. The untreated RS showed cellulose, hemicellu-
lose, and lignin contents of 36.7%, 19.3%, and 21.2%, respectively,
consistent with the values found by Singh, Tiwari, Srivastava, and
Shukla (2014). A progressive enrichment in cellulose content was
observed for both treatments, according to the elimination of non-
cellulosic components present in the raw RS. However, the samples
submitted to the alkaline step (RALK-B) exhibited higher cellulose
content and lower hemicellulose and lignin concentrations than those
obtained by applying the combined ultrasound-heating method (RUH-
B). Ultrasound (RUS) treatment step and combined method (RUH) only
produced a slight, non-significant (p > 0.5), decrease in the lignin
content of the solid fraction while the hemicellulose content slightly
increased due to the removal of other water soluble compounds. How-
ever, the cellulose concentrations in the final fibres obtained from both
purification methods (alkaline and combined treatment) were more
comparable after the bleaching step (73% vs. 66%, respectively). This
result suggests that the main effect of the combined method was to
disrupt the tissues of the RS, exposing the innermost tissue of the plant
matrix, thus favouring the contact with the bleaching solvent. This is
also coherent with the higher values of water extractables of RUS and
RUH samples, compared with the raw RS sample. The extraction po-
tential of the non-structural, water-soluble components from the solid
plant tissue was promoted by RUS and RUH treatments (Table 2).
Acoustic cavitation promoted by ultrasound is characterised by the
implosion or explosion of water vapour or air bubbles, which generates
high shear rates in the solvent (Ojha, 2020). This phenomenon transfers
high amounts of energy to the dispersed material, causing the plant cell
to rupture and extracting non-cellulosic compounds (Arruda, 2019;
Cheung & Wu, 2013). Thus, US exposes tissues of the plant matrix and,
when used in combination with heating, can increase the mass transfer
efficiency. Freitas et al. (2020) observed that ultrasound promoted de-
bonding in the RS fibrils, which increased the surface area of the plant
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Fig. 2. Equilibrium moisture content (% wt. dry basis) at 25 °C at different
relative humidity of the cellulose fibres obtained by applying the combined
ultrasound-heating method (RUH-B) and the alkaline treatment (RALK-B).

material exposed to the extraction medium. These physical changes
allowed greater accessibility of the solvent when the heating step was
applied, enhancing the extraction levels of components, such as hemi-
celluloses, lignin, or waxes.

RS showed an ash content of approximately 17% wt., which is mainly
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attributed to silica (Chen, 2011). The subsequent purification steps
promoted a progressive reduction in the ash/silica content, suggesting
the leaching out of these non-carbonaceous components. The fractions
submitted to the alkaline treatment showed a lower ash content (RALK:
7.5%) than those RUH treated (11%) since the alkaline solution pro-
moted the solubility of silica (Requena et al., 2019). Bleaching promoted
the silica extraction from the lignocellulosic residue in both RALK and
RUH solids, but its final content was higher in cellulosic fractions ob-
tained by the combined RUH treatment.

As concerns the water binding capacity of the fibres, Fig. 2 shows the
equilibrium water content of RALK-B and RUH-B fibres at different
relative humidity. Significantly lower values were obtained for the
RALK-B samples, which suggests the presence of a higher amount of
exposed polar groups in the cellulosic materials coming from RUH-B
treatment that promoted the fibre water affinity. This could be attrib-
uted to the higher purification of the cellulose chains in the RALK-B
samples, which contributes to exposing the cellulosic OH groups that
are able to establish hydrogen bonds between chains. The extensive
hydrogen bonding between the cellulose chains decreases their capacity
to interact/bond with water molecules (Bochek, 2003), thus reducing
the hydrophilic nature of the fibre.

3.2. Structural properties

The micro and nanostructural properties of the different cellulosic
fractions were evaluated as to their microscopic characteristics, particle
size distribution, FTIR analysis, and X-ray diffraction patterns. Fig. 3

Fig. 3. FESEM micrographs of cellulosic fractions before and after the bleaching step, in comparison with raw material (RS).
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Fig. 4. Optical and FESEM micrographs of the CF (RUH-B and RALK-B) sonicated aqueous dispersions before and after drying, respectively.

shows the FESEM micrographs in which the microstructural changes in
the RS provoked by the CF extraction can be observed. The raw sample
(RS) exhibited particles of different dimensions and sizes obtained after
the milling and sieving steps. The predominantly fibrillar rod-like shape
of the particles reveals the RS tissue arrangement, which consists of a
material with a high proportion of non-fibrous cells, such as the
epidermis, parenchyma, and vessel cells (Jin & Chen, 2006). The
innermost primary tissue, namely the sclerenchyma, is composed of CF
embedded in a cementing matrix of hemicellulose and lignin (Seo &
Sakoda, 2014). As shown in the micrograph of the RUH treated samples,
the application of ultrasound followed by heating provoked the partial
destruction of the original RS structures brought about by the different
physical phenomena involved, such as detexturation, sonoporation and
particle fragmentation (Chemat, 2017; Machado, 2019; Ojha, 2020).
The RS tissue layers were observed to detach, leading to distorted and
more planar particles, thus favouring the leaching out of non-cellulosic
components, such as hemicellulose, lignin, and waxes. The observed
disruption of the original RS structure facilitates the accessibility of the
bleaching solvent to the solid matrix. It is worth mentioning that the
removal of non-fibrous components from the cellulosic material was not
evident at this stage. In contrast, the FESEM images from the RALK
treated samples showed more intact particles than those RUH treated,
despite being more distorted longitudinally, as also observed by (Mos-
lemi, 2020). The observation of fibres aligned in the axial direction
suggests the partial chemical removal of amorphous components, such

as hemicellulose, lignin, and waxes (Zhang et al., 2014). This effect was
more evident for RALK-B and RUH-B treated samples, which revealed
smooth and homogeneous surface patterns due to an efficient surface
washing of non-fibrous components, as also reported by other authors
for the extraction of different plant matrices (Mohamad Haafiz, Eich-
horn, Hassan, & Jawaid, 2013; Rasheed, Jawaid, Karim, & Abdullah,
2020). A certain degree of defibrillation was detected for the RUH-B
samples at the edges of the fibre bundles (Fig. 4), which suggests that
the ultrasound-heating treatment disrupted the fibre bundle structure to
a greater extent than the alkaline treatment.

Fig. 4 shows optical microscopy and FESEM observations of the CF
obtained from RUH-B and RALK-B treatments after their aqueous dis-
persions and sonication for 20 min, before and after drying, respectively.
Before drying, optical micrographs (10x magnification) revealed that
the original fibre bundles were disrupted, and the defibrillated fibre
bundles of varying lengths were dispersed in the aqueous medium,
increasing the turbidity and dispersion consistency. At a greater
magnification (40x magnification), detached cellulose fibrils can be
observed at the edges of the fibres in the RUH-B samples (black arrows)
but not in the samples treated with alkaline solution (RALK-B). This
could be due to the effect of the alkaline treatment, which could elim-
inate these defibrillated fractions, or to the greater weakness of the fibril
unions in the bundle provoked by the RUH treatment. These variations
in the fibre structure could also affect the hydrophilic nature of the
different fibres, as demonstrated by the different equilibrium water
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Fig. 5. Particle size distributions of CF from laser diffraction (a) and cumulative distributions of CF (RALK-B and RUH-B) samples obtained from the image analyses

of optical microscopy images (b: length (1); c: width (w); d: aspect ratio (1/w)).

content. In this sense, the alkaline treatment removes more compounds
from the lignocellulosic fibre, promoting hydrogen bonds between cel-
lulose chains, further reducing the interaction capacity with water
molecules. What is remarkable is the large number of small fibre frag-
ments, together with the largest fibres, in the RALK-B sample, which
suggest the more aggressive effect of the alkaline treatment on the
fibrous material. After drying the sonicated aqueous dispersions of fi-
bres, the FESEM micrographs reveal that the fibres of the RUH-B treated
samples remained mostly isolated, whereas those of the RALK-B treated
samples exhibited aggregation with fibre entanglement. This reveals the
different interaction forces between the two kinds of fibres, probably
due to the different number of OH groups exposed on their surface due to
the differences in the degree of cellulose purification. Greater attractive
forces acted between the more hydrophobic RALK-B fibres, whereas
repulsive interactions acted on the more hydrophilic RUH-B materials.
These results ratify the different nature of the fibre’s surface (more or
less hydrophilic), as affected by the kind of treatment.

Laser diffraction was also used to investigate the morphogeometric
properties of CF in terms of particle size distributions derived from their
hydrodynamic volume. As can be observed in Fig. 5a, the RUH-B and
RALK-B samples exhibited an almost bimodal distribution, with two
main peaks at about 15 and 70 pm. The RUH-B samples have a greater
ratio of small particles (4.8% volume fraction) than the RALK-B samples
(4%). So, the RUH treatment provoked a greater fraction of smaller
particles (around 15 pm), or less aggregated particles, in comparison
with the alkaline treatment. Nevertheless, it is remarkable that laser
diffraction measurements provide the radius of gyration of the particles

and so, the values are closer to the particle length. In this sense, the
RALK-B treatment could give rise to longer fibres than the RUH-B, which
could be due, in part, to the defibrillation effect observed at the edges of
the fibrils (Fig. 4).

Considering the CF rod-like shape, image analysis was applied to the
optical micrographs in order to determine the cumulative distribution of
the length (1), width (w), and the aspect ratio (1/w) of the CF (RUH-B and
RALK-B) after water dispersion by sonication (Fig. 4b, ¢, and d). A
similar length distribution can be observed for the different particles, the
maximum frequency being for fractions of lengths of 200-350 pm.
Nevertheless, as detected in laser diffraction analyses, a greater ratio of
shorter particles can be observed for the RUH-B treatment, whereas the
RALK-B particles exhibited a wider length distribution. In contrast, a
remarkable reduction in the particle width may be observed for the
sonicated fibres, which had values of under 20 pm (Fig. 5c¢), as also
shown in the FESEM images at a higher magnification (Fig. 4). A greater
fraction of thinner particles can be observed for the RALK-B samples;
more than 60% of the particles are thinner than 10 pm. This is coherent
with the fact that the alkaline treatment removes a greater quantity of
non-cellulosic components from the fibre. Consequently, the aspect ratio
(1/w) of the RALK-B samples is slightly greater than that of the RUH-B
samples, with a distribution ranging mainly between 10 and 50 (RUH-
B) or 60 (RALK-B) (Fig. 5d).

3.3. Fourier transform infrared spectroscopy (FTIR)

Fig. 6 shows the FTIR spectra of untreated RS and unbleached (RUH
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Fig. 6. FTIR spectra of (a) untreated RS, RS treated with (b) ultrasound-heating and (c) alkaline solution, and bleached fibres from (d) the combined ultrasound-

heating method and (e) the alkaline treatment.

and RALK) and bleached (RUH-B and RALK-B) cellulosic fractions. The
spectrum of untreated RS showed a bell-shaped absorption band be-
tween 3690 and 2980 cm™!, which is associated with the O—H
stretching vibration (Chen, 2011). The O—H absorption band, present in
cellulose, hemicellulose, and lignin, was slightly narrower and more
intense for the bleached samples. This agrees with the cellulose con-
centration in the material (Table 2) since it has a higher ratio of OH
groups than non-cellulosic components (hemicellulose and lignin)
(Moslemi, 2020; Wang, 2018). The absorption bands at 2919 and 2852
cm ! are associated with the C-H asymmetric and symmetrical vibration
present in cellulose, hemicellulose, and lignin. These peaks shared more
characteristics in RS and RUH treated samples, indicating a more similar
composition, whereas there were greater differences between the both
bleached samples (RUH-B and RALK-B), according to the greater elim-
ination of non-cellulosic compounds by alkaline treatment. The ab-
sorption peak at 1730 em ™! corresponds to the C=O stretching
vibration of the carboxylic groups and esters present in phenolic and
uronic acids, which are chemical structures constituting the lignin and
hemicellulose fractions (Abraham, 2011; Chen, 2011). This peak dis-
appeared partially in the RALK treated samples and totally in the RALK-
B treated samples. However, it was present in the spectra of the bleached
and non-bleached RUH treated samples, which indicates the presence of
these kinds of compounds bonded to the cellulose structure, according to
the chemical composition (Table 2). Wang (2018) also observed the
disappearance of this peak after the alkaline treatment of rice straw,
whereas (Boonterm, 2016) detected the peak at 1730 cm~! in cellulose
obtained with the thermal steam explosion from rice straw. The different
intensities of the bands at 1645 cm ™, assigned to the O-H bending vi-
bration of adsorbed water (Moslemi, 2020), coincides with the differ-
ences in the equilibrium moisture content of the samples; the samples
coming from the RUH treatments exhibiting the higher intensity.
Indeed, Chen (2011) indicated that the lower intensity of this peak is
related to a partial removal of hemicellulose. The thin peak at 1511
em ™! corresponds to the C=C stretching vibration of the aromatic
skeletons present in lignin rings (Elhussieny, 2020; Xu et al., 2006). This
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Fig. 7. The X-ray diffractograms and crystallinity index (CI) of different
cellulosic fractions from RS, before and after bleaching.

absorption band is absent in the spectra of the RALK treated samples and
every bleached sample (RUH-B and RALK-B), thus indicating the effi-
ciency of bleaching at eliminating a substantial fraction of lignin. Every
spectrum showed an absorption band at 1033 cm™!, related to the
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Fig. 8. The TGA (a) and DTGA (b) curves of the RS samples before and after different treatments: RUH, RALK, RUH-B, and RALK-B.

C—0O—C—0—C stretching vibration of acetal linkage present in cellu-
lose and hemicellulose. The 898 cm ™! band, associated with the
C—O—C stretching vibration of the p-glycosidic bond present in the
cellulose I structure, becomes more evident as the cellulose concentra-
tion increases in the bleached samples (RALK-B and RUH-B) (Pan &
Sano, 2005; Wang, 2018). In brief, the obtained FTIR spectra suggested
that, despite the alkaline method eliminating a greater fraction of
hemicellulose and lignin from the plant matrix, the combined
ultrasound-heating treatment produced similar fibres and could be
alternatively applied to RS as a greener process.

3.4. Crystallinity analysis

The X-ray diffraction patterns of the raw powder and the different
cellulosic fractions obtained at each stage of both processes are shown in
Fig. 7. Likewise, the crystalline nature of the materials was characterised
in terms of the crystallinity index (CI). In every sample, four diffraction
peaks were detected at 20 = 15° (110), 16° (110), 22° (200), and 34°
(004), characteristic of the crystalline lattice of type I cellulose, as
described by other authors (Junior, 2018; Nam, French, Condon, &
Concha, 2016). As the cellulose purification progressed, the diffraction
peaks became more defined and slightly narrower, as corresponds to the
progressive elimination of amorphous components (hemicellulose,
lignin, and waxes). Compared to RS (CI: 42%), the combined ultrasound-
heating method (RUH) promoted a negligible increase in crystallinity
(CI: 45%), whereas a noticeable increase was observed for the cellulosic
sample after the treatment with alkaline solution (CI: 62%), similar to
that obtained by Requena et al. (2019) for rice husk treated with alkaline
solution. This agrees with what was deduced from chemical composition
and FTIR analyses; the combined ultrasound-heating method was less
efficient at extracting amorphous components from the plant matrix
than the alkaline treatment. In addition to the chemical degradation and
removal of amorphous components from the lignocellulosic matrix,
NaOH solutions at low concentrations promote the swelling of interfi-
brillar regions, making them less rigid (Liu & Hu, 2009; Yue et al.,

2012). This phenomenon allows for the rearrangement of the cellulose
microfibrils, due to the penetration of Na ions into the crystalline
network forming antiparallel crystalline soda-cellulose complexes,
which change the crystallinity of the material (Budtova & Navard, 2016;
Liu & Hu, 2009). From a determined NaOH concentration (e.g., 15% for
cotton fibre), a crystalline transition can occur, giving rise to the for-
mation of cellulose II crystals (Yue et al., 2012). This change was not
clearly observed in the RS samples treated with the alkaline solution due
to the low NaOH concentration used (4.5%).

After the bleaching step, which focuses on removing lignin from the
matrix (Ng et al., 2015b; Zainuddin, 2013), CI increased in both sam-
ples, but especially in the RUH-B samples. This suggests that, despite the
ultrasound-heating combined method failing to eliminate a substantial
fraction of lignin/hemicellulose components, the fibre delamination and
the greater exposure of the RS tissue, observed by FESEM, seem to
promote the bleaching solvent accessibility (Freitas et al., 2020). Thus,
this produces cellulosic materials with similar crystalline characteristics
to those produced by the conventional alkaline method, but containing
other bonded compounds as revealed by chemical composition and FTIR
analyses.

3.5. Thermogravimetric analysis

The thermal behaviour of the samples as the extraction progressed
was evaluated by thermogravimetric analysis (TGA). Both the TGA and
the derivative (DTGA) curves of the untreated, different cellulosic
fractions are shown in Fig. 8. Table 3 summarises the parameters (initial
and maximum degradation temperatures and the mass loss percentage)
of each detected thermal event. Each cellulosic sample exhibited three
thermal degradation events. The first occurred in the temperature range
of 30 to 140 °C, associated with the loss of water molecules bonded on
cellulosic fractions and other small molecular weight volatiles (Theng
et al., 2017; Wu, Yao, Xu, Mei, & Zhou, 2013). The second and third
peaks are related to the thermal degradation of the lignocellulosic
components, as reported by other authors (Requena et al., 2019). As can

Table 3

Thermal decomposition events detected for the cellulosic materials from RS (mean values + standard deviation of two replicates).
Sample [30-140] °C [148-350] °C [340-500] °C Residue

Tonset™ Tpeak™ Mass loss (%) Tonset™ Tpeak™ Mass loss (%) Tonset™ Tpeak™ Mass loss (%) Mass (%)

RS 33.19 £ 0.01 51.4 £ 2.0 1.7 £ 0.2 148 £5 284.2 +0.2 559+ 1.5 3455+ 21 389+ 2 20.7 £ 0.6 17+ 2
RALK 33.0+1.7 499 + 1.5 0.9 +0.1 161 +1 301.3+24 61.0 £ 2.2 341.7 £ 1.1 403 +7 26.8 £ 0.2 8+1
RUH 32.3+0.6 50.5 +1.3 1.2+0.2 152 £ 2 292.4 + 2.2 59.7 £ 0.9 349.0 + 1.7 409 + 3 23.8+ 0.4 11+1
RALK-B 33721 479 £ 21 1.1+0.2 186 £ 7 294.0 + 4.0 69.0 £ 7.0 349.0 + 3.0 448 +£ 8 24.0+1.2 2+3
RUH-B 33.3+0.6 47.1+23 1.3+ 0.6 177 £ 2 286.0 + 4.0 66.3 + 2.3 344.0 £ 3.0 414 £ 15 27.0 £ 5.0 5+2
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Table 4

Moisture content, WVP, and mechanical properties of the MC/GA blended films
with or without different ratios of CMF from RS (mean values + standard de-
viation of three replicates for moisture content and WVP; and eight replicates for
thickness and mechanical parameters).

Formulation Moisture WwvP Thickness EB* TS* EM*
(%) (x10%) (pm) (%) (MPa) (MPa)
(g.mm.
kpa~!
hl
m2)
Control 9.8 + 4.3+ 119 + 8¢ 91+ 230 156
0.4 0.2%° 2.1° +3.0° +13°
USH-1 8.8 + 42+ 121 £5° 137 28.1 161
0.4%¢ 0.2 + +1.2%0  +6°
Z.Zde
USH-3 8.0 + 4.3 + 129 +7°° 12,0 28.0 156
0.3 0.1 + +20%  +13*
O.SCde
USH-5 7.6 + 4.6 + 133 + 8° 11.8 28.3 152
0.44 0.3% + +1.4°  +15°
1.9de
ALK-1 8.8 & 45 + 127 £ 7% 16.1 27.0 157
0.3% 0.3% + + +17°
228 4,0%
ALK-3 85+ 42+ 126 + 4% 16.7 24.2 127
0.4 0.2 +21*  + +16°
2.2bc
ALK-5 9.5 + 3.9+ 124 £ 4> 147 24.2 122
0.2% 0.1° + + +14°
1.8%° 2.1b¢

Different letters in the same column indicate significant differences by the Tukey
test (a = 0.05).

" WVP: water vapour permeability; EB: elongation at break; TS: tensile
strength at break; EM: elastic modulus.

be observed, the second thermal event started at higher temperatures as
the cellulose became more purified, in the following order: RS < RUH <
RALK<RUH-B < RALK-B. The peak temperature ranged between 284
and 300 °C, depending on the sample. This agrees with the fact that the
RALK/RUH and bleaching treatments eliminated hemicellulosic/lignin
fractions to differing extents, as observed by the chemical composition,
FTIR and XRD analyses, increasing the sample degradation temperature.
The peak observed in the DTGA curve of the RALK-B sample was
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narrower and more intense than that of the RUH-B sample, in line with
the greater purity and crystallinity of the cellulose fraction.

On the other hand, lignin is a group of polymers that exhibits a broad
spectrum of thermal degradation starting at around 220 °C and
continuing above 400 °C (Monteiro, Calado, Margem, & Rodriguez,
2012). In this sense, as reported by Theng et al. (2017), the last thermal
event, observed between at 340-500 °C is attributed to the thermal
degradation of the lignin and the products from the fragmentation of the
organic structure. This peak, also found by El-Sakhawy and Hassan
(2007) in microcrystalline cellulose from RS, was not expected in the
thermograms of bleached fibres, which indicates the inability of either
process to eliminate completely the lignin present in the inner structure
of the fibre bundles. Indeed, the FESEM images (Fig. 3) reveal some
integral and compact fibre bundles, which could prevent the full access
of the bleaching solvent. According to Chen (2011), the strong crystal-
line structure of cellulose in RS and the complexity of the structural
configuration between cellulose, hemicellulose, and lignin are the
limiting factors for the obtaining of accessible cellulose fibres.

3.6. Reinforcing properties in composite CMC/GA films

The reinforcement capacity of fibres obtained by means of the
alternative (ultrasound-heating) and conventional (alkaline) methods
was evaluated by measuring the tensile properties of MC/GA composite
films incorporating different fibre ratios. The use of GA, a
polysaccharide-protein complex (Magbool, 2011; Xu et al., 2019), as a
component of the MC polymer matrix was chosen to promote the com-
pound compatibility, since GA exhibits excellent surfactant and encap-
sulating properties with other polymers and compounds (Amalraj et al.,
2020; Xu et al., 2018). The reinforced capacity transfer from the CF to
the polymer matrix is related to factors such as the microfibre entan-
glement, the intensity and type of microfibre-polymer interactions and
the ratio between the water adsorption (which promotes plasticisation)
and the filler rigidity. Thus, the mechanical properties of the composite
films containing the different types and concentrations of CF were
evaluated in terms of their tensile strength (TS) and elongation at break
(%EB), as well as the elastic modulus (EM) (Table 4). In general, all of
the composite films became mechanically more resistant to break and
stretchable (p < 0.05) after CF incorporation (greater TS and %EB
values). So, films with 1% and 3% of RALK-B fibres exhibited a 77%
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Fig. 9. Internal transmittance of the MC/GA blended films with different types (RUH-B and RALK-B) and concentrations (0%, 1%, 3%, and 5% wt.) of CF.
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increase in EB, while the treatments incorporating RUH-B fibres in the
same concentrations increased extensibility by about 33%. The incor-
poration of a greater amount of fibres (5%) reduced film stretchability,
compared with the lower ratios. Cazon, Vazquez, and Velazquez (2018)
also reported an increase in the stretchability for the films based on
PVA/chitosan with 5% microcrystalline cellulose. As shown in Fig. 4,
the RUH-B and RALK-B exhibited high aspect ratios, which enhanced the
entanglement, interfacial interaction, and bondability between the cel-
lulose microfibrils and the MC/GA matrix (Littunen, Hippi, Saarinen, &
Seppala, 2013; Ng et al., 2015b). Thus, CF incorporation promoted the
force transferring from the microfibril to the polymer matrix. Never-
theless, a non-significant increase (p > 0.05) in the EM values was
observed for the CF reinforced films, as observed by other authors for
cellulose acetate films with cellulose nanofibers from RS (Hassan et al.,
2019). Even elastic modulus was reduced by about 20% when 3 or 5% of
the CF from the ALK treatment was incorporated into the films. As
concerns the resistance to break of the films (TS), CF from the RUH
treatments increased the TS values by about 22% at every tested ratio,
whereas this effect was only observed in fibres from the ALK treatment
at 1%. Therefore, both kinds of fibres exhibited a reinforcing effect on
the MC/GA films, which was reflected in different patterns: the RUH
fibres promoted the film resistance to break to a greater extent, but were
less effective at enhancing the film stretchability, whereas the RALK
fibres made the films more stretchable. Likewise, 5% of CF did not
benefit the film tensile behaviour more than 1-3%.

Table 4 also summarises the thickness, moisture content values and
water vapour permeability (WVP) of the studied films. The equilibrium
moisture content of the films decreased as the CF ratio rose, although 5%
of RALK fibres did not provoke this effect. The OH groups present in the
cellulose microfibrils could interact with hydrophilic groups within the
MC-GA-glycerol matrix, making these sites less available to interact with
water molecules. Nevertheless, the lower water content of the films with
CF did not lead to lower values of film thickness. In fact, the thickness of
the films did not significantly change as a result of fibre addition, except
when RUH fibres were incorporated at 3 and 5%, in which case the films
were slightly thicker, according to the increase in the surface solid
density of the films. As concerns the WVP values, fibre addition only
provoked a significant decrease (about 10%) when obtained by means of
the ALK treatment and incorporated at 5%. Therefore, despite the ex-
pected increase in the tortuosity factor for mass transfer promoted by
fibres, no improvement in the water barrier capacity of the films was
obtained probably due to the hydrophilic nature of these fibres that
favours water solubility in the matrix. Other authors have also found no
improvement in the water vapour barrier capacity of the films when CF
were incorporated into polymer matrices (Azmin, Hayat, Binti, & Nor,
2020; Cazon et al., 2018; Collazo-Bigliardi et al., 2019).

Fig. 9 shows the appearance and the internal transmittance spectra of
MC/GA-based films with different fibres and ratios. All of the composite
films were similar in appearance to the control film, indicating good
compatibility and entanglement of the CF in the polymer matrix. This
was reflected in the small changes that occurred in the internal trans-
mittance spectra (Fig. 7) of the different samples provoked by fibre
addition. As the fibre concentration rose, there was a slight decrease in
the transparency of the films, due to the negligible light scattering effect
provoked by the CF dispersion in the polymer matrix, as also observed
by other authors (Ching et al., 2015).

4. Conclusions

Although alkaline treatment is the most common step in the process
for obtaining CF, its substitution by an ultrasound-heating method has
environmental advantages due to the elimination of alkaline solvents.
This new method gave rise to cellulose fibre fractions with a slightly
different degree of purification, but with a similar degree of crystallinity
and aspect ratio, these being more hydrophilic in nature and with a
lower tendency to aggregate. The reinforcing capacity of the fibres

12

Innovative Food Science and Emerging Technologies 76 (2022) 102932

obtained with this new method was similar to those obtained using the
alkaline treatment, enhancing the film stretchability by about 33%, and
boosting the film resistance to break (by about 20%) at 1, 3 or 5%.

Therefore, the combined ultrasound-heating method can be a po-
tential alternative for the purposes of obtaining CF from RS, avoiding the
use alkaline solutions, is faster and presents a higher yield than the
process with an alkaline step (37 vs. 29%). Moreover, the ultrasound-
heating method allows for obtaining active extracts rich in antioxidant
compounds, which can be used for different applications in the food or
pharmaceutical industries. Thus, a more integral valorisation of RS
could be reached.
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