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Abstract: Residual biomasses from agro-industries in Paraguay, including soybean hulls (SBHs) and
sugarcane bagasse (SCB), were studied as a source for nanocellulose extraction for the first time. For
that purpose, both biomasses were delignified in a semi-pilot stainless-steel reactor, and the cellulose
pulp was subjected to a bleaching process with NaClO (2.5%, w/v). The nanocellulose (CNC) was
obtained after two-step acid hydrolysis. Firstly, the bleached cellulose was hydrolyzed with HCI (17%,
w/w) for two hours at 60 °C to obtain microcrystals by removing most of the amorphous fraction.
The celluloses were then treated with HySOy (65%, w/w) at 45 °C for 45 min to obtain nanocellulose.
Physicochemical and morphological properties were analyzed using attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR), thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), atomic force microscopy (AFM), and X-ray diffraction analysis (XRD).
The SBHs nanocellulose had a whisker-like form with a 230 £ 42 nm diameter and a 12 =2 nm
height, and the SCB nanocellulose had a fibril-like form with a 103 + 30 nm diameter and a height
of 6 = 3 nm. The nanocellulose from SBHs and SCB had good thermal stability as its degradation
temperature started at 250 °C. Furthermore, the nanocellulose obtained was negatively charged and
formed stable dispersion in water at 0.1 mg/mL concentration and a pH of around 6.5.

Keywords: residual biomass; soybean hulls; sugarcane bagasse; acid hydrolysis; nanocellulose

1. Introduction

The Paraguayan economy is highly dependent on the agricultural and forestry export
sector [1]. The processing of agricultural raw materials leads to the generation of large
volumes of residual biomass, including sugarcane bagasse, soybean hulls, rice husks, and
corn residues [2]. These residues are generally used for animal feed or cover soils, providing
organic matter and protection against erosion.

The current major challenge in the world is to develop technologies that allow the
valorization of such residues to increase production efficiency by obtaining high-value-
added products, such as micro- and nanocellulose [3]. The SBH and SCB biomasses contain
cellulose, hemicellulose, and lignin. Cellulose is a linear polysaccharide with more than
4000 monomeric glucose units linked by (3-1,4-glycosidic bonds, representing between
30 and 50% of the biomass composition, with highly crystalline structural fractions and
amorphous fractions [4-7].

The interest in the extraction and use of micro- and nanocellulose from waste biomass
has shown remarkable growth in recent years due to the renewable nature, availability,

Sustainability 2022, 14, 11386. https:/ /doi.org/10.3390/su141811386

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su141811386
https://doi.org/10.3390/su141811386
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-1819-2915
https://orcid.org/0000-0002-2002-1744
https://orcid.org/0000-0002-2296-2791
https://doi.org/10.3390/su141811386
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141811386?type=check_update&version=1

Sustainability 2022, 14, 11386

20f15

and, mainly, the physicochemical and mechanical properties of this type of material [8-10].
CNC consists of rod-shaped cellulose crystals or fibrils, with widths and lengths of 5-70 nm
and between 100 nm and several micrometers, respectively [11-13].

Nanocellulose extraction requires the treatment of the biomass by chemical and/or
physical methods, such as ultrasonic technique, microwave radiation, enzymatic hydrol-
ysis, and alkaline and acid hydrolysis [14,15], to obtain pure cellulose, followed by the
transformation to cellulose nanocrystals [16]. Usually, alkaline hydrolysis followed by acid
hydrolysis of residual biomass using sulfuric acid and or hydrochloric acid allows rapid
removal of amorphous cellulose to obtain highly crystalline nanofibers [5]. The utilization
of sulfuric acid allows the stabilizing of the colloidal system formed by the CNC due to the
esterification of the hydroxyl groups by sulfate ions, giving rise to a sulfate group (-O-503-)
on the surface. When hydrochloric acid is used instead of sulfuric acid, the tendency is to
form aggregates of CNC [17-20]. Wang et al [20] demonstrated that the combination of
sulfuric and hydrochloric acids allows better thermal stability of the nanocellulose than
when using pure sulfuric acid.

Besides the traditional inorganic acids cited, nitric acid, phosphoric acid, oxalic acid,
maleic acid, citric acid, p-toluenesulfonic acid, and mixtures of organic and inorganic acids
have also been used for micro- and nanocellulose extraction [21-25]. The size of nanocellu-
lose fibers or CNCs varies depending on the acid concentration, hydrolysis temperature,
crystallinity degree, and the starting cellulose polymerization degree [4,10,26,27].

Nanocellulose exhibits high stiffness and mechanical strength, with elastic modulus
between 150 and 250 GPa, flexural strength in the range of 13-24 GPa, high specific surface
area, and properties that enable its use for reinforcing and increasing the strength of other
materials [13]. This material finds essential applications in the food industry as an emulsion
stabilizer and thickener, reinforcing filler for polymers used for packaging, and as an
excipient in the pharmaceutical and cosmetic industries [10,28].

The availability of soybean hulls and sugarcane bagasse residues in Paraguay makes
this country a potential nanocellulose supplier. These residual biomasses are characterized
by a high cellulose content relative to the lignin content (less than 22% w/w), in addition
to their abundance and spatial distribution in the Paraguayan territory (Figure 1). These
considerations highlight the potential of these residues for obtaining micro- and nanocellu-
lose. In this respect, considering the residue per product rate (RPR), corresponding to 0.06 t
soybean hulls/t soybean and 0.290 t bagasse/t sugarcane, and the average annual process-
ing volume of these agriculture feedstocks for the period 2015-2020, an average amount of
sugarcane bagasse and soybean hulls in Paraguay of 1,950,000 t/year and 211,000 t/year,
respectively, was estimated [2,29].

In the first instance, it could indicate that cost is the limiting factor for obtaining cellu-
lose and micro- and nanocellulose from these biomasses. In Paraguay, the cost of soybean
hulls exceeds USD 120/t, while sugarcane bagasse costs USD 24/t [30,31]. However, the es-
timated annual volume of cellulose nanomaterials required (for manufacturing packaging,
paper coating, and fabrics) is about 33 million metric tons for the global market. Its market
is expected to grow from USD 346 million in 2021 to USD 963 million by 2026 [32]. The
estimated prices for cellulose nanomaterials range from USD 1100/ton to USD 4400/ ton [9].
This way, the added value that could be given to both residual biomasses could reach
around 40 times if we assume that the residue values are those mentioned above.

This work describes nanocellulose extraction from SBH and SCB using bleaching,
alkaline, and acid hydrolysis processes in Paraguay for the first time. Characterization tech-
niques such as scanning electron microscopy (SEM), atomic force microscopy (AFM), attenu-
ated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), X-ray diffraction
analysis (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
and zeta potential analysis were used to analyze the extracted materials.
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Figure 1. Geographical distribution of soybean and sugarcane processing industries in Paraguay.
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2. Material and Methods
2.1. Materials

Soybean hulls (Figure 2a) were provided by Cargill S.A (Minga Guazu, Paraguay),
and sugarcane bagasse (Figure 2b) was obtained from Destileria Luis Mussi (Piribebuy,
Paraguay). The residual biomasses were dried at 105 °C for 24 h, finely ground in a hammer
mill, and sieved with 400 and 300 pm mesh sieves. The cellulose, hemicellulose, and lignin
content of the finely separated material was characterized.

2.2. Residual Biomass Characterization

Crude fiber, neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid de-
tergent lignin (ADL) were determined in an automated fiber analyzer, Fibretherm FT 12
(C. Gerhardt GmbH & Co. KG Koénigswinter, Germany), using the FibreBag method. The
analysis complies with the standard methods specified by Weender and van Soest. The
samples were digested with HySO4 and NaOH in a filter bag for the fiber content determi-
nation. Cellulose and hemicellulose content was calculated by subtracting the ADL and
ADF value, respectively, from NDF. Crude ash content was determined according to the
standard method ISO 5984:2002.

2.3. Alkaline Hydrolysis

The raw materials were subjected to alkaline hydrolysis in a 10 L stainless-steel reactor
(Ingest S.A, Buenos Aires, Argentina) in a 2-stage process to remove lignin, according
to Camacho et al. [27]. In both stages, the ratio of solid to liquid used was 1:10. In the
first stage, hydrolysis was carried out using NaOH (20%, w/v) for 1.5 h at 70 °C and
washing with distilled water. Then, the material was hydrolyzed again to increase the
lignin removal using NaOH (12%, w/7v) for 1.0 h at the same temperature. The material
was filtered on polypropylene mesh and washed with deionized water to neutral pH. The
resulting cellulose was kept wet for the bleaching process.
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Figure 2. Soybean hulls (a) and sugarcane bagasse (b) used as feedstock for nanocellulose extraction.

2.4. Bleaching Process

The delignified cellulose was subjected to a bleaching process with NaClO (2.5%, w/v)
at 60 °C for 2 h. The bleached cellulose pulp was separated by filtration and washed with
deionized water several times to remove the bleaching agent.

2.5. Nanocellulose Preparation

The applied protocol was based on the process reported by Camacho et al. [27] for
nanocellulose extraction from pineapple residues. The bleached cellulose was subjected
to acid hydrolysis in two stages. Firstly, a partial hydrolysis was performed using an HCI
solution (17% w/w) for 2 h at 60 °C to obtain microcellulose, followed by hydrolysis with
H,S04 (65%, w/w) at 45 °C under constant stirring for 45 min to prepare nanocrystalline
cellulose. This step was carried out on a smaller scale. At the end of the process, the solid
material was filtered and washed with deionized water repeatedly until neutral pH was
achieved. The suspension containing nanocellulose was sonicated in an ultrasonic bath for
15 min in order to form a stable suspension and then dialyzed on a regenerated cellulose
membrane for 24 h to remove excess acid. Finally, the samples were frozen and lyophilized
for preservation [27].

2.6. Physicochemical and Structural Characterization of Materials
2.6.1. ATR-FTIR Analysis

The previously pulverized and dried samples were analyzed, and the spectra were
recorded on a Thermo Scientific™ Nicolet 6700 spectrometer (Thermo Scientific, Waltham,
MA, USA), with a spectral resolution of 4 cm~! and a spectral range of 500-4000 cm ™. The
results were analyzed with OMNIC 8.1 software (OMNIC Series 8.1.10, Thermo Fischer
Scientific, Waltham, MA, USA) [27].

2.6.2. Superficial Morphology

The material morphology was analyzed using a scanning electron microscope (SEM),
JEOL JSM-6390LV (Jeol USA Inc., Peabody, MA, USA), at an accelerating voltage of 10 kV
with secondary electrons (SEI) and a spot size of 40. The hydrolyzed and raw samples were
previously coated with a 10 pm gold film.
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2.6.3. Topographic Analysis

The topography of the nanocellulose samples was analyzed using an atomic force
microscope (AFM), Asylum Research (Oxford Instruments, Santa Barbara, CA, USA),
operated in air tapping mode. The silicon AFM (Tap150AL-G) probe with the back side
of the cantilever covered with Al (Aluminum) was operated at a resonant frequency of
150 kHz and a constant force of 5 N/m.

2.6.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using a TGA-Q500 thermogravi-
metric analyzer (TA Instruments, New Castle, DE, USA), equipped with Universal Analysis
2000 software version 4.5A (TA Instruments, New Castle, DE, USA). Samples of approxi-
mately 5.8 mg were placed in a pre-weighed standard platinum tray, and the analysis was
conducted with a nitrogen purge flow rate of 10 mL/min for the balance and a purge flow
rate of 90 mL/min for the sample. Initially, the equipment was kept at equilibrium at 25 °C
for 1 min. Subsequently, heating was performed at 10 °C/min, and changes in mass were
recorded in a temperature range from 25 to 1000 °C.

2.6.5. Crystallinity Analysis

Samples were analyzed using an X'Pert3 Powder Diffractometer (Malvern Panalytical,
Malvern, UK) using a nickel-filtered CuK, radiation at 45 kV and 40 mA, 26 in the range
of 10-40° with 0.03° and 1.5 s spacing. The degree of crystallinity was calculated using the
following equation (Equation (1)):

% Crystallinity = (1 — Iym/Igg2) X 100 1)

where

Ipo2 = is the maximum intensity at 26 = 22.3°;
Lim = corresponds to the intensity of the minimum.

2.6.6. Differential Calorimetric Analysis

The thermal behavior of the samples was studied in a DSC Q200 differential scanning
calorimeter (TA Instruments, New Castle, DE, USA). The approximately 2.3 mg sample
was heated from 20 to 150 °C at a heating rate of 5 °C/min. Thermograms were used to
determine thermal events related to initial melting and crystallization temperatures.

2.6.7. Zeta Potential Measurements

Zeta potential () of aliquots of the aqueous suspension of CNC was measured using
a Zetasizer Nano S90 (Malvern Panalytical, Malvern, UK) at A; = 628 nm and A, = 523 nm,
without adjusting ionic strength. The (-potential was determined by electrophoretic mo-
bility of the particles of SBH and SCB in solution (0.1 mg/mL) at a pH of 6.83 and 6.58,
respectively. Five measurements were conducted for each suspension, and the mean and
standard deviation were reported.

2.7. Nanocellulose Extraction Efficiency

The efficiency of micro- and nanocellulose extraction from soybean hulls and sugarcane
bagasse was calculated according to Equation (2):

Extraction efficiency n = P1 /Py x Xg 2)

where:

Py = mass of feedstock submitted to hydrolysis, g;
P; = mass of micro- and nanocellulose from the acid hydrolysis, g;
X = cellulose mass fraction in the feedstock.
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3. Results and Discussion

Table 1 shows the soybean hull and sugarcane bagasse raw material composition. As
can be seen, both residues exhibit a high content of cellulose relative to the lignin content.
This allows the use of a less aggressive process to carry out cellulose extraction.

Table 1. Composition of agro-industrial residual biomass for nanocellulose extraction.

Parameter Soybean Hull Sugarcane Bagasse Method

Crude fiber, % 41.32 47.48 FibreBag

Neutral detergent fiber, % 62.38 76.66 FibreBag

Acid detergent fiber, % 49.79 58.79 FibreBag

Acid detergent lignin, % 2.66 14.64 FibreBag
Cellulose, % 47.13 445 Calculated
Hemicellulose, % 12.59 17.87 Calculated

Ash, % 4.30 8.45 ISO 5984:2002

Figure 3 shows the ATR-FTIR spectra of sugarcane and soybean bagasse raw material
and of samples after alkaline hydrolysis. Although peaks from the hemicellulose and lignin
overlap with the ones from the cellulose, the spectra of the biomass subjected to chemical
treatment presented peaks characteristic of cellulose. Samples of biomasses subjected to
alkaline treatment were analyzed for the presence of aryl groups, characteristic of lignin.
Structurally, lignin is a three-dimensional macromolecule of aromatic nature composed
of aryl ethers connected by various bonds that form a complex and amorphous branched
structure [33]. The peak related to the vibration of distinct C-O aryl groups is observed
in the range of 1250-1255 cm ! (Figure 3a—c), present in both sugarcane bagasse and raw
soybean hulls [4,34]. However, this peak is not observed in samples chemically treated.

The peak at 1730 cm ! in the FTIR spectra of raw SCB and raw SBHs is predominantly
attributed to the C=0 vibration of the acetyl and uronic ester groups of hemicellulose or
the ester bond of the carboxylic group of ferulic and p-coumaric acids of lignin [8,35]. For
the alkaline-treated samples, no comparable peaks were observed in the spectra of treated
biomass, indicating that most of the hemicellulose and lignin was removed.

For the raw soybean hulls, the peaks around 13001400 cm ! could be attributed to
the presence of hemicellulose and lignin, which are not presented in the spectra of the
sample treated by alkaline hydrolysis [36].

The raw materials and alkaline chemically treated spectra present a broad band in the
region of 3600-3100 cm !, characteristic of a stretching vibration of O-H groups in cellulose
molecules [26]. Moreover, the spectra showed peaks corresponding to the vibration of C-H
bonds close to 2890 cm ! and those corresponding to C-H and C-O bonds of polysaccharide
rings at 1330-1360 cm ! [27]. The peak at 1060 cm ! in all samples is associated with
cellulose, which has a higher intensity in the alkaline-treated samples [37].

The peak near 2900 cm ™! has a higher intensity in the sugarcane bagasse sample after
the hydrolysis. This could be attributed to removing the non-cellulosic material without
affecting the cellulose [27,37]. The peak near 1640 cm ™! present in all spectra is attributed
to the absorption of water that is bended to the cellulose, and it is higher in samples with
higher cellulose content [11,36,37].

In this sense, the SBH spectra showed that the alkaline hydrolysis affected the cellu-
lose structure as can be seen from the changes observed in the peaks at 2900 cm~! and
1640 cm L. In the nanocellulose spectra of sugarcane bagasse and soybean hulls, a band
at 900-910 cm ™! is distinguishable and associated with -glycosidic bonds of crystalline
cellulose molecules [8,38].
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Figure 3. ATR-FTIR spectroscopy of alkali-treated soybean hulls (a), raw soybean hulls (b), alkali-
treated sugarcane bagasse (c), and raw sugarcane bagasse (d) for wavelengths in the range of
4000-500 cm L.

Figure 4 shows the X-ray spectra of the product obtained after the acid treatment of
the biomasses. The extracted cellulose from SBH (Figure 4a) and SCB (Figure 4b) displayed
a typical cellulose XRD pattern, with a predominance of Cellulose type L. Cellulose I is
the most abundant form of cellulose obtained from plants, bacteria, fungi, and algae.
Typically, this cellulose consists of two phases, a one-chain triclinic structure corresponding
to cellulose I and a cellulose I with a two-chain monoclinic structure [4,5,39].

Diffracted peaks observed in both samples of nanocellulose at 26 around 22° (plane
200) and 34° (plane 004) represent the lattice planes of this cellulose structure that is
characteristic of native cellulose [36]. The peak observed around 12° (plane 101) in both
diffractograms could be attributed to cellulose type II. Additionally, in Figure 4a, a charac-
teristic peak of cellulose II at 20° (plane 101) is observed. According to Tao et al. [15], the
chemical treatment conditions affect the hydrogen bond and van der Waals force which
significantly influences the cellulose’s crystallinity and crystal lattice. Sulfuric acid could
solubilize the cellulose type I, which is re-precipitated as cellulose type II, and this effect
is more pronounced with a long hydrolysis time [11]. In Figure 4b, the diffracted peak
observed around 16° is presented in lignocellulosic materials [37]. This result suggests that
the SCB has a higher resistance to the alkaline treatment than the soybean hulls.

The crystallinity index was calculated from Equation (1), obtaining values between 60
and 63%. This indicates that acid hydrolysis was efficient for obtaining cellulose crystals
from SBHs and SCB. The degree of crystallinity of the cellulose obtained was similar to those
reported in the literature for microcrystals of various lignocellulosic biomasses, confirming
that the method used is feasible, mainly because of its ease and low cost [15,40-43].
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Figure 4. X-ray spectrum of cellulose extracted by acid hydrolysis from soybean hulls (a) and
sugarcane bagasse (b).

The thermograms of nanocrystalline cellulose from SBHs and SCB are presented in
Figure 5. Water loss was observed at around 100 °C, represented by the slightly negative
slope at the beginning of the curve for all samples analyzed. For the nanocrystalline
cellulose samples (Figure 5a,b), a more pronounced mass reduction was observed between
200 °C and 350 °C when compared to the thermogravimetric curve of the raw samples. It is
possible to observe a difference in the decomposition temperature of the starting biomass
and nanocellulose, which correlates with the rapid reduction in the molecular weight of
cellulose in the biomass during acid hydrolysis.

Moreover, the difference in decomposition between both materials (nanocellulose and
raw biomass) observed in Figure 5 is due to the sulfated amorphous regions generated
between the cellulose crystals during acid hydrolysis, which make the molecules more
accessible to thermal decomposition [8,27,44]. It should be emphasized that the nanocellu-
lose suspension contains cellulose microcrystals and could contain remanent amorphous
fractions within the structure. Following the formation of sulfate groups on the nanocel-
lulose surface extracted from cotton (by hydrolysis with H»SOy), Lin and Dufresne [45]
observed initial thermal decomposition at about 150 °C, achieving approximately 30% of
weight loss between 150 °C and 250 °C. In this work, the nanocellulose of SBH and SCB
showed mass reduction that started at 250 °C, and the peak rate of degradation is reached
at approximately 350 °C (Figure 5), suggesting higher thermal resistance compared to the
nanocellulose from cotton. It is known that the thermal stability of these nanocrystals is a
critical factor in their use as effective reinforcing materials [11,16]. The residue obtained
from the SBH is approximately 0.1% at 800 °C, while from SCB it is approximately 10 wt%.
The higher residue in the SCB sample could be attributed to the cellulose source and a
larger number of sulfate groups formed on the cellulose surface that act as flame retar-
dants [16,46]. Mandal and Chakrabarty [8] reported a similar pattern to nanocellulose in
sugarcane bagasse obtained by acid hydrolysis with H,SO4 with residue of 7% at 750 °C.
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Figure 5. TGA thermograms of soybean hull (SBH) nanocellulose and raw soybean hulls (a), sugar-
cane bagasse (SCB) nanocellulose and raw sugarcane bagasse (b).

The morphology of the biomasses and nanofibers was analyzed by scanning electron
microscopy. Figure 6 shows SEM images of nanofibers obtained from soybean hulls and
the starting material. Figure 6a shows the surface morphology of the raw soybean hulls,
which is characterized by an irregular flat surface, with no fibrous components identified
in the structure. In contrast, Figure 6b shows the presence of fibers with a diameter of less
than 1 um. The morphology analysis was made difficult because a freeze-dried sample of
the suspension containing nanoparticles was used, resulting in the superposition of layers.
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Figure 6. Scanning electron microscopy (SEM) of raw soybean hulls (a) and alkali-treated soybean
hulls (b).

Numerous reports indicate that acid treatment of previously delignified cellulose
removes the amorphous fraction and that nanoscale diameter cellulose fibers are sub-
sequently exposed [8,27,36,44]. Figure 7 shows the AFM images of cellulose nanofibers
that were obtained. Figure 7c,d shows a cross-section of the nanocellulose. In both cases,
nanoparticles were obtained. The morphology of the SBH was not fibrillar but whisker-like.
On the other hand, the SCB nanoparticles exhibited a fibril-like form. The whisker-like
form of the SBH nanocellulose obtained was 230 £ 42 nm in diameter and 12 + 2 nm in
height, and the fibril-like form of the SCB nanocellulose was 103 & 30 nm in diameter and

6 &£ 3 nm in height.
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Figure 7. AFM images from SBH (a) and SCB (b—d). Cross-section line profiles highlighted in (a,b),
respectively.
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Camacho et al. [27] observed results close to those observed in this work when they
promoted the hydrolysis of pineapple residual peel cellulose with sulfuric acid to obtain
nanocrystal. The microscopy’s morphological analysis results are similar to other studies
where nanocellulose was extracted by acid hydrolysis [11,47,48].

Figure 8 shows the -potential of the nanocellulose extracted from the residual biomass.
Nanocellulose from SBH and SCB presented a negative zeta-potential at the pH considered
(pH 6.83 and 6.58 for SBH and SCB, respectively). The nanocellulose water dispersions from
SBH and SCB were stable as the zeta potential was lower than —20 mV [49]. The negatively
charged particles are correlated to the surface functionalized with sulfate groups [27,50].
The sulfate ester groups (-O-503-) cover the nanocellulose surface, promoting repulsion
forces between the particles and favoring its stabilization by dispersion, as proved by

AFM [45].
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Figure 8. Zeta potential of SBH nanocellulose dispersed in water at 0.1 mg/mL concentration and at
6.83 pH (a) and SCB nanocellulose dispersed in water at 0.1 mg/mL concentration and at 6.58 pH (b).

Regarding the DSC thermal analysis, Figure 9 shows the thermograms of the raw
soybean hulls and the nanocellulose that was obtained in addition to those of the raw
sugarcane bagasse and its respective nanocellulose. All thermograms show endothermic
events in the range of temperatures studied. The initial endothermic peak occurred in all
cases at temperatures below 100 °C due to moisture loss by evaporation. In nanocellulose
from sugarcane bagasse, it was observed that the peak was more pronounced than in
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the case of the raw samples. This could be associated with the surface of the sulfated
cellulose crystals, which may reduce moisture absorption. Mandal and Chakrabarty [8]
reported this phenomenon and evaluated nanocrystals obtained from sugarcane bagasse
by acid hydrolysis.

0.0 —
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-1.2 ] . - ‘ |
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Figure 9. DSC curves: (a) raw soybean hulls (SBH) and nanocellulose; (b) raw sugarcane bagasse
(SCB) and nanocellulose.

In this work, the acid hydrolysis achieved micro- and nanocellulose yields of 30% and
34% for soybean hull and sugarcane bagasse mass, respectively (data not shown). A similar
result (35%) was reported by Pavalaydon et al. [47] using sugarcane bagasse under acid
hydrolysis conditions. Using soybean hulls as feedstock in the acid hydrolysis process,
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Flauzino Neto et al. [11] achieved nanocellulose yields of 8% and 20% after 30 and 40 min
of acid hydrolysis, respectively. Katakojwala et al. [51] reported cellulose and nanocellulose
extraction yields of 34% and 15% from soybean hulls and sugarcane bagasse, respectively.
In another study, cellulose nanocrystals from royal palm tree agro-industrial waste were
obtained by strong acid hydrolysis synthesis at different times and temperatures, achieving
yields in the range of 7.8-48.8% [51].

4. Conclusions

In this study, alkaline treatment and consecutive hydrolysis with sulfuric acid and
hydrochloric acid was effective for obtaining CNC from soybean hulls and sugarcane
bagasse residues, as evidenced by AFM. The products obtained exhibited the forms of
fibers and whiskers with a diameter of less than 230 nm and maximum height of 20 nm. A
high crystallinity (63%) was determined by XRD analysis; this indicates potential for their
application to reinforce other types of materials such as films or polymeric membranes. The
nanocellulose from SBH and SCB demonstrated good thermal stability as its degradation
temperature started at 250 °C, which indicates its potential for reinforcement of different
materials. Furthermore, the nanocrystals were negatively charged and formed stable
dispersion in water. Therefore, the present study has significant importance as it indicates
an alternative process to produce value-added products, such as CNC, from residual
biomass in Paraguay. The data presented can contribute to the implementation of future
policies on biomass utilization for production and the installation of biorefinery facilities
in Paraguay.
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Abbreviations

CNC cellulose nanocrystal

SBHs soybean hulls

SCB sugarcane bagasse

ATR-FTIR  attenuated total reflectance Fourier transform infrared spectroscopy
TGA thermogravimetric analysis
SEM scanning electron microscopy
AFM atomic force microscopy
XRD X-ray diffraction analysis
RPR residue per product rate
NDF neutral detergent fiber

ADF acid detergent fiber

ADL acid detergent lignin

H extraction efficiency
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P;  mass of micro- and nanocellulose from the acid hydrolysis
Py mass of feedstock submitted to hydrolysis

Xo  cellulose mass fraction in the feedstock

Ippz maximum intensity at 20 = 22.3°
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