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1. Introduction

Globally, it is estimated that one-third of all produced food is
wasted or lost, caused in great part by the fruit, vegetable,
and seafood industry (FAO, 2019). According to Mari¢ et al.
(2018), only Europe generates around 100 Mt of food waste
and by-products per year, with 14.8% being attributed to fruit
and vegetable industries. These by-products include pomace,
peel, cuts, stems, bran, and seeds, with interesting functional
and nutritional potential (Ayala-Zavala et al., 2011). Con-
sidering these facts, the management of agro-industrial
waste is one of the issues strictly related to the goals for
sustainable development (SDGs) proposed by the 2030
Agenda of the United Nations (United Nations, 2015). SDG
Target 12.3 addresses the reduction of global food waste at
the retail and consumer levels to half of the actual value as
well as reducing food loss from post-harvest to production
and distribution chains by 2030. SDG 2 by addressing the Zero
hunger Goal, will be positively affected by the reduction of
food waste loss as well as other SDGs that will also profit
from this reduction, namely SDG 6 (sustainable water man-
agement), SDG 13 (climate change), SDG 14 (marine re-
sources), SDG 15 (terrestrial ecosystems, forestry,
biodiversity) (FAO, 2019).

The sustainable use of agri-food waste and by-products to
produce value-added products, with potential application in
the food, cosmetics, and pharmaceutical industries, can
provide new opportunities to generate additional income for
the industry (Ben-Othman et al, 2020). According to
Alcantara et al. (2020), the nonedible parts of plants left in the
field after harvesting, namely crop residues, are agro-in-
dustrial waste that generally has a chemical composition
rich in lignocellulosic fibers, such as cellulose.

Cellulose is an abundant biopolymer well-known for
being the raw material for paper production which has a
regular chemical composition, it is biodegradable and re-
newable, but when obtained from plant materials, has a
complex, physical and morphological structure (Hansson
et al,, 2009; Sir6 and Plackett, 2010). Overall, cellulose fibers
are obtained from wood pulp and present characteristics of
short fibers (1-5 mm), ideal for composite production with a
non-specific fiber orientation due to their isotropic proper-
ties. Otherwise, they present a luminal area between 20%
and 70% of the fiber cross-sectional area (Madsen and
Gamstedt, 2013). Since the fibers in herbs and small plants
are longer (5-30 mm), their orientation and arrangement can
be controlled. In addition, they have a higher degree of
crystallinity and lower luminal area, between 0% and 5%,
characteristics of fibers with excellent mechanical properties
(Madsen and Gamstedt, 2013; Miissig, 2010; Sorieul et al,,
2016). Therefore, small plant residues provide a low-cost

source of cellulose fibers that is sustainable and able to
produce high-quality CNFs with added value.

Recently, there has been a growing interest in cellulose
fibers for the isolation of nanocellulose. Nanocellulose is a
material with versatile physicochemical properties with a
wide variety of applications, but it requires specific meth-
odologies for its isolation that must be adapted to each raw
material (Ribeiro et al., 2019). Two types of nanocellulose can
be isolated from the plant wall, cellulose nanocrystals (CNCs)
and cellulose nanofibers (CNFs) (Abdul Khalil et al., 2014),
being the latter with excellent applicability as a reinforcing
agent in composite materials such as biofilms and plastic
packaging. However, despite the growing market interest,
nanocellulose has a high cost and has some production
conditions that are unfriendly to the environment, such as
acid hydrolysis with sulfuric acid (H,SO,) which uses high
temperatures and generates toxic residues (Liu et al., 2016;
Ribeiro et al., 2019).

Finding solutions to change these aspects can be decisive
for the commercial success of plant materials that are good
sources of nanocellulose. In this sense, several studies have
proposed new techniques for nanocellulose isolation that go
beyond the traditional techniques of alkaline hydrolysis,
bleaching, and acid hydrolysis (Abdul Khalil et al., 2014). The
enzymatic hydrolysis method, for example, keeps reasonable
production yields, uses mild temperatures, reduces the pro-
duction time, and does not generate toxic residues to the
environment, in addition to producing nanocellulose with
appealing physicochemical properties. An overview of the
isolated nanocellulose types obtained by enzymatic treat-
ment from different agro-industrial wastes and by-products
as well as the enzymes used is presented in Table 1.

Cellulose enzymatic hydrolysis is a biochemical process
commonly performed by an enzyme complex called cellu-
lases. Cellulases play a predominant role as a catalyst in the
hydrolysis of cellulose polysaccharide, namely polymeric
cellulosic substrates, by breaking p-1,4-glycosidic bonds, and
their subsequent conversion into monomeric cellulosic pro-
ducts (Jayasekara and Ratnayake, 2019; Singh et al., 2019). In
this sense, Zhu et al. (2011) suggested a short-term enzy-
matic hydrolysis as a strategy to avoid cellulose degradation
of the product. Overall, cellulases are divided into three main
groups: endoglucanases, exoglucanases, and p-glycosidases
(Henrissat and Bairoch, 1993). For complete cellulose hydro-
lysis, at least two enzymes of the cellulase complex must
work synergistically. Endoglucanases can act directly on the
amorphous regions of the cellulose chain, producing oligo-
saccharides of different sizes. On the other hand, exogluca-
nases act at the ends of the cellulose fibers producing
cellobiose (cellobiohydrolases) and glucose (glucohy-
drolases). Finally, these cellobioses will be degraded by

Table 1 - Examples of isolated nanocellulose from agricultural residues by enzymatic treatment.

Agro-Industrial Waste Nanocellulose Enzyme Reference
Banana peels Cellulose nanofibers Xylanase Tibolla et al. (2014)
Cassava bagasse Cellulose nanofibers Amylase Panyasiri et al. (2018)
Corncob residues Cellulose nanofibrils; Cellulose Cellulase Xu et al. (2021)

nanoparticles

Cellulose nanofibers

Cellulose nanofibers

Cellulose nanocrystals; Cellulose
nanofibrils

Lignocellulosic nanofibers

Curaud leaves
Orange Peel waste
Sugarcane bagasse

Wheat straw

Cellulase blend
Pectinase blend
Cellulase blend;
Xylanase
Cellulase

Campos et al. (2013)

Hideno et al. (2014)

Campos et al. (2013); Pereira and Arantes (2020);
Saelee et al. (2016)

Espinosa et al. (2019)
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producing glucose monomers by the subsequent action of p-
glucosidases (Chavez-Guerrero et al., 2019).

Xylanase is another enzyme with hydrolytic action that is
effective in isolating nanocellulose. From the removal of
xylan, this enzyme promotes the partial degradation of
hemicelluloses into oligosaccharides (Hassan et al.,, 2010).
Furthermore, like cellulases, xylanase hydrolyses terminal
regions of cellulose fibers, breaking the p-(1,4)-glycosidic
bonds of glucose units (Padkko et al., 2007). Finally, the full
action of xylanase can result in increased a-cellulose content
and the degree of polymerization of cellulose (Hassan
et al., 2010).

Salicornia ramosissima is a halophyte plant found in coastal
areas worldwide, and in recent years started being in-
dustrially produced in Portugal in greenhouses for human
consumption mainly in Mediterranean gourmet cuisine
(Lima et al., 2020). Its production in greenhouses generates
residues such as lower parts, namely stems and roots, which
are discarded as they have no commercial value. The use of
this biowaste for the use of cellulose can make salicornia
production sustainable, contributing to the reduction of or-
ganic waste deposition in the environment and generating
new income for the industry. The Salicornia waste is com-
posed essentially of stems and roots and recent studies have
explored its antioxidant potential (Pinto et al., 2021), whereas
no studies are reporting its potential as a source of cellulosic
fiber nor on the success of an enzyme treatment to isolate
the nanofibers from this raw material.

This study aimed to investigate the potential of two na-
nofibers isolation processes, the conventional treatment by
acid hydrolysis and a proposed method by enzymatic hy-
drolysis, and to compare the isolated CNFs for further use as
a potential reinforcement agent.

2. Materials and methods
2.1. Waste recovery

The waste streams of the agro-industrial production of
Salicornia ramosissima, namely stems and roots, were col-
lected at Ria Fresh, an Algarve venture producing halophyte
plants for human consumption using a soilless system. This
production system and the characteristics of the plant, allow
the same plant to produce S. ramosissima, with the ideal
characteristics for consumption between 3 and 4 cuts. Thus,
after this stage, the entire lower part of the plant was dis-
carded and collected.

After collection in the greenhouse, the whole waste was
transported to the food processing laboratory (DEA-UAlg),
where they were cleaned and washed in flowing water to
remove excess soil, and then stored frozen in a freezer at
- 20 °C, until further processing.

2.2. Processing and powder preparation

Following collection, cleaning, and washing, the samples
were dried in an industrial oven (Cassel, Germany) for 48 h at
50 °C, presenting in the end of this procedure a residual
humidity of 5.2 + 0.5%. Then, the dried waste was ground in
an industrial mill (Retsch GmbH - Model: SM1, Germany) to
obtain the bran. After grinding, the entire bran was sieved in
a magnetic sieve shaker (Retsch GmbH, Germany) for the
separation and measurement of microparticles (granulo-
metry). As a result, the material sieved through the 140-mesh

sieve afforded microparticles < 110 pm that were used in the
subsequent experiments. After processing, the bran of sali-
cornia waste was weighed to determine the percentage of
water loss during the drying process.

2.3. Production of CNFs

As part of the cellulose extraction, non-cellulosic compo-
nents were removed according to Ventura-Cruz and Tecante
(2019), but with a few modifications. By ethanol extraction
(1:15 w/v) at 70 °C for 4 h under constant stirring, extractives
(e.g., lipid fraction, phenolics, and pigments) were first re-
moved. Then, the mixture was cooled to room temperature
and filtered by vacuum filtration with a coarse pore filter. The
insoluble fraction was dried in an oven at 50 °C for 24 h,
obtaining a dark brown powder. Subsequently, other non-
cellulosic components such as hemicelluloses, lignins, and
pectins were removed by alkaline treatment, where the dry
sample was mixed with sodium hydroxide (NaOH) 15%
(1:15 w/v) and then with hydrogen peroxide 30% (H,O,)
(100:1.2 v/v) and hydrolyzed under constant stirring at 50 °C
for 3 h. The insoluble fraction was again separated by va-
cuum filtration with a coarse pore filter and washed with
distilled water until the removal of dark liquor and obtaining
a neutral pH.

Lastly, the sample was bleached to break down the phe-
nolic compounds as well as to remove the by-products of this
degradation. A mixture of NaOH (5%) and H,0, (30%) at a
ratio of 2:1 (v/v) was used to bleach the insoluble residue
(ratio of 1:10 w/v) at 60 °C for 1 h under constant stirring. To
avoid the foaming reaction a solution of acetic acid (10%) was
used to neutralize the mixture. To achieve the ideal
whitening of the pulp, a second bleaching process was per-
formed under similar conditions as the first.

2.3.1. CNFs isolation by acid hydrolysis

Following the procedure described by Pelissari et al. (2014)
with some modifications, mild acid hydrolysis was used to
hydrolyze amorphous cellulose, remove mineral traces, and
obtain nanofibers. The bleached sample was mixed with 2%
sulphuric acid (H,SO,) (ratio of 1:20 w/v) at 80 °C for 2 h under
constant agitation. Then the hydrolysate was centrifuged
(centrifuge 3K20, Sigma Aldrich, GmbH-Germany) at
6000 rpm for 20 min, and the supernatant was neutralized
with NaOH (40%). After successive centrifugations at
6000 rpm for 10 min to remove the sodium sulfate produced
during neutralization, the solid fraction was washed with
deionized water. Then, it was homogenized (T25 Digital
ultra-turrax IKA, USA) at 13000 rpm for 5 min. The suspen-
sion was then filtered in coarse and fine pore paper
(Whatman®, UK), and lyophilized (LyoQuest HT40, Telstar,
Spain).

2.3.2. Proposed enzymatic process

The proposed enzymatic hydrolysis was performed by
mixing the wet biomass with potassium phosphate buffer
0.08 M, pH 6 + 0.1 (ratio of 1:10 w/v). A solution of hydro-
chloric acid (HCI) 0.325 N was used to correct the pH 6 of the
mixture. Then, was added 30 pL of xylanase (endo-1,4-p-
Xylanase, Megazyme) from Trichoderma longibrachiatum
(1600 U/mL) in 3.2 M ammonium sulfate. After 60 min in a
thermostatic bath (OVAN, BS127E, Spain) with horizontal
shaking, the mixture was immediately cooled under con-
stant stirring (100 rpm) in an ice bath until room temperature
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Fig. 1 - Flowchart of the process of CNFs production.

was reached. In the second part, the pH of the mixture was
adjusted to 4.5 = 0.1 with 0.325 N HCl and was added 15 pL of
cellulase (endo-cellulase, Megazyme) from T. longibrachiatum
(700 U/mL) in 3.2 M ammonium sulfate. Once again, the
mixture was placed in a thermostatic bath under the same
temperature, stirring, and time conditions as previously.
Lastly, the mixture was allowed to remain in the thermo-
static bath for 10 min at 100 °C to stop the enzymatic activity
and then it was cooled in an ice bath until room temperature,
vacuum filtered with fine pore filter paper, washed with
100 mL of deionized water, and stored at — 20 °C until lyo-
philization. An overview of the production of CNFs can be
found in Fig. 1, from residue acquisition to nanocellulose
isolation.

2.4. Characterization

2.4.1. Chemical composition of waste

After processing the salicornia waste, the powder was char-
acterized chemically according to the following procedures:
Ash (AOAC, 2016), total extractives content (Sluiter et al,
2008), cellulose content (Sun et al., 2004), and lignin content
(Sluiter et al., 2012). The calculations for total extractives,
ash, cellulose, lignin, and polysaccharides content including
hemicellulose are shown below (eq.s 1-6).

Total extractives content (TE):

Wy — Wy
(Wit o) 100
W (1)

where, Wy is the initial sample weight (g); Wy,, is the empty
flask’s initial weight (g); and Wy, is the final weight of the
flask with the extracted sample (g).

Cellulose content (C):

(‘Np+s - VV;:d) *100
Wsef) 2

%TE =

%C =

where, W,,s, is the petri dish weight + final sample weight (g);
Weq, is the empty and tared dish weight (g); and Wy, is the
initial sample weight (extractives free) (g).

Isoluble lignin (Linsoluble):

(%+s - ‘Nash) *100

%Linsoluble =
Wi (ef) (3)

where, W,,,, is the petri dish weight + final sample weight (g);
Wesh, is the ash weight (g); and Wy, is the initial sample
weight (extractives free) (g).

Soluble lignin (Lsompie):

ABS*V/*F,
(ABSVIED) .1 00

%Lsoluble = —=5
soluble (S \N's(ef)) (4)
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where, ABS is the absorbance at 240nm; Vy, is the filtrate
volume; Fy, is the dilution factor =1; €, is the absorption
constant for biomass versus wavelength =198; and Wy, is
the initial sample weight (extractives free) (g).

The amount of total lignin (TL) was calculated according
to Eq. (5):

%TL = %Linsoluble + %Lsoluble (5)
Percentage of polysaccharides including hemi-

cellulose (H):

%H =100 — (%TE + %Ash + %C + %TL) )

2.4.2. Concentration of nanofibers suspension

The procedure to concentrate the nanofiber suspensions
followed the method described by Tibolla et al. (2014) by
drying the suspensions in an oven at 105°C for 24h. The
result was obtained by calculating the difference in mass of
the sample before and after drying.

2.4.3. Scanning electron microscopy (SEM)

The microstructure of the powder waste, as well as the CNFs
obtained by both methods, were analyzed by scanning elec-
tron microscopy (SEM) (Hitachi, model S-2400, Japan)
equipped with an X-ray energy dispersion spectrometry mi-
croanalysis system (EDS) (Bruker, USA). The samples were
prepared for observation by covering with gold/palladium
(Au/Pd), in a sputter coater (Quorum Technologies, model
Q150TES). Micrographs of the prepared aliquots were taken
at an acceleration voltage of 20kV.

2.4.4. Transmission electron microscopy (TEM)

To evaluate the efficiency of the methods used to obtain the
CNFs and the structural and morphological characteristics,
both the powder waste and the CNFs were evaluated using a
transmission electron microscope (TEM) (Hitachi, model
H8100, Japan), with a LaB6 filament operated at 200kV.
Digital images were acquired with a bottom-mounted CCD
Keen-View camera (Olympus Soft Imaging Solutions GmbH,
Germany). The average length of both the salicornia waste
streams (SWS) and CNFs, was measured through the image
processing analysis software Image] (NIH, USA).

2.4.5. Dynamic light scattering (DLS) measurements

The nanofibers were characterized by measuring their
length, and surface charge ((-potential) using a DLS appa-
ratus (Zetasizer Nano ZS, Malvern Instruments Ltd., UK).
Measurements were performed in triplicate, at 25 °C, where
40pL of each aqueous suspension were mixed with 1 mL of
Milli-Q water and introduced into an electrophoretic cell
(Malvern, Folded Capillary Zeta Cell - model DTS1070, UK)
and analyzed by photon correlation spectroscopy and laser
Doppler anemometry, respectively.

2.4.6. X-ray diffraction (XRD)

Powder X-ray diffractograms were recorded on an X-ray
Diffractometer (Malvern, PANalytical X'Pert Pro powder,
Malvern Instruments Ltd., UK), operating at 45 kV and 35 mA.
The patterns of the raw material and samples of CNFs were
recorded in the range 10-80° (20) with a step size of 0.0167°
and 100 s per step using nickel-filtered CuKa radiation with a
wavelength of 0.154nm using an X'Celerator detector. The
crystallinity index (CrI %) of the samples was calculated using

Eq. (7), according to the procedure reported by Segal
et al. (1959).

et = tooz = lam) 1
Tooz 7)

where, Ipo, =is the maximum intensity (in arbitrary units)
close to 20 =22-24°, which refers a crystalline material, and
Iam is the intensity of diffraction in the same units at 26 = 18°,
which refers to amorphous material in cellulosic fibers. All
data were processed using the OriginPro 2021b graphic soft-
ware (OriginLab Corporation, USA).

2.4.7. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR tests were performed to the analysis of the functional
groups present in the powder of S. ramosissima waste and the
CNFs. The samples were previously grounded with KBr in a
mortar and compressed into discs. FTIR spectra were re-
corded in an FT-IR spectrophotometer (Bruker, model Tensor
27, USA) For each spectrum, a 32-scan interferogram was
collected in transmittance mode with a 4 cm™ resolution in
the 4000400 cm™ region, and the results were obtained
using the eFTIR software (Essential FTIR®, USA).

2.5.  Statistical analysis

Results were expressed as mean+ standard error of the
mean, and experiments were conducted at least in triplicate.
Significant differences were assessed by analysis of variance
(ANOVA) using the Tukey HSD (honestly significant differ-
ences) test. Statistical analysis was performed using
Statistica 7.0 software (Statsoft Inc., USA).

3. Results and discussion
3.1 Chemical composition

The chemical composition of S. ramosissima waste (stems and
roots) is presented in Table 2. Being a waste that comes from
a non-conventional raw material, but promising from the
point of view of production, marketing, and consumption, it
is relevant to compare these results with other cellulosic
wastes and by-products successfully used to isolate cellulose
and nanocellulose.

The cellulose content of S. ramosissima waste is compar-
able to the content of other agricultural wastes, such as
cassava pomace, apple, and tomato pomace. In this sense,
the use of this waste can be a promising bet with good added
value prospects.

After drying, the S. ramosissima waste (as obtained from
industry), a water loss of 68.3% was observed.

3.2.  Appearance, CNF suspensions concentration and
yield

Fig. 1 shows all the steps for isolating CNFs from S. ramo-
sissima waste streams. After drying and milling (step 1), the
waste in powder with an intense green color was submitted
to ethanol extraction (step 2) to remove the lipid fraction
and phenolic substances (Malucelli et al., 2017), changing its
color to light brown. Then the sample was treated with an
alkaline solution (step 3) for hydrolysis of components such
as starch, hemicellulose, lignin, and pectins, converting the
initial light brown color into a dark brown color. These
changes may be associated with fast-chain degradations,
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alkali-induced condensation promoted by beta-elimination
reactions of carbonyl groups, and potentiated not only by
the alkaline media with a high pH but also by the tem-
perature (Ahn et al., 2019). Bleaching (steps 4 and 5) was
conducted in two sequential steps and proved to be efficient
in removing the components responsible for the brown
color of the solid fraction, such as lignin and tannins. Ac-
cording to (Dufresne et al. (1997) in bleaching, chlorine and
chlorites promote rapid oxidation of lignin, generating car-
bonyl, carboxylic and hydroxyl groups, solubilizing the
lignin, removing the hemicellulose, and purifying the cel-
lulose. The result is consistent with Pelissari et al. (2014) and
Ventura-Cruz & Tecante (2019) who also used chemical
treatment followed by bleaching to solubilize hemicellulose
and delignify the cellulose in banana peels and Rose stems,
respectively. After two bleaching steps, the solid fraction
(cellulose) developed a light yellowish color, tending to
white. The low capacity of the alkaline treatment to remove
the lignin may be one of the answers to the poor perfor-
mance of bleaching to solubilize hemicellulose and hydro-
o lyze the cellulose chains. According to Tibolla et al. (2014), in
a study with banana peels the remaining lignin may have
developed a barrier around the cellulose and hemicellulose,
preventing the reactions in the bleaching step to occur.
Next, the solid fraction was split into two equal parts to
different hydrolysis processes (step 6).

The acid hydrolysis was ineffective at removing the re-
maining lignin fractions, resulting in the same light-yellow
coloration. As for the enzymatic hydrolysis (proposed
method), it proved to be effective at removing the light-
yellow coloration resulting in a white nanocellulose, with a
high purity level, suggesting that the amorphous compo-
nents were completely removed. The success of this method
can be attributed to the enzyme's ability to attack the
amorphous regions of lignocellulosic fibers, through which
their larger contact area and lower density allow hydrolytic
cleavage of the $-1,4 glycosidic bonds that connect the glu-
cose units into cellulose.

Cellulase is an enzymatic complex formed by three en-
zymes that act in synergism (endoglucanase, exoglucanase,
and B-glucosidase), and it can degrade cellulose into sugar
monomers. However, to isolate CNFs, a cellulase composed
only of endoglucanase has ideal properties to initiate hy-
drolysis specifically at the ends of the cellulose chain
(Chéavez-Guerrero et al., 2019; Paédkko et al., 2007). On another
hand, xylanase is a hydrolytic enzyme that randomly cata-
lyzes the hemicellulose compounds present in the vegetable
fiber. In this study, the enzymatic hydrolysis started with the
action of cellulase on the cellulose chains followed by the
selective hydrolysis of xylanase on the fibrils promoting the
formation of CNFs.

The concentration of nanofibers in the suspension (g of
nanofibers / 100 g of suspension) obtained by AT and ET was
6.2 + 0.2 and 7.3 £ 0.1, respectively. As a result, the yield for
CNF (AT) and CNF (ET) was 4.8 + 0.3% and 5.5 + 0.2%, re-
spectively, when calculating the weight difference between
the amount of SWS before ethanol extraction and the
amount of CNFs after lyophilization. This yield is close to the
5.1% obtained by (Tibolla et al. (2014) for banana peels na-
nofibers obtained by a chemical process. In this context, the
low yield values can be attributed to the several stages
during the AT and ET, with a wide optimization margin
considering the transition from the laboratory to the pilot
scale.
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Fig. 2 - SEM micrographs of SWS (a), CNFs by acid (b) and enzymatic (c) treatment, and TEM images of SWS (d), CNFs by acid

(e), and enzymatic (f) treatment.

3.3. SEM and TEM analysis

SEM micrographs of the SWS and CNFs (Fig. 2a, b, c) provided
a view of the structure of the crude fiber and the morpholo-
gical changes in the fibers promoted by treatments (chemical
and enzymatic) to obtain the nanofibers. The SWS had an ir-
regular surface with residues of different sizes because of the
processing step. In the CNFs, the gradual removal of amor-
phous components (hemicellulose and lignin) and the per-
manence of the cellulosic portion were evident, mainly in the
CNF (ET). These results corroborate those of other authors
who also observed morphological changes in fibers from dif-
ferent residues and by-products of plant matrix, applying
different chemical and enzymatic treatments for nanocellu-
lose obtention. As in the CNFs from olive tree pruning
(Sanchez-Gutiérrez et al, 2021), CNFs from rose stems
(Ventura-Cruz and Tecante, 2019), cellulose nanocrystals

(CNCs) from sugar palm fibers (Ilyas et al.,, 2018), and CNFs
cassava root pomace and peelings (Leite et al., 2017).

The analysis of the visual aspect of the TEM images
(Fig. 2d, e, f) showed that AT and ET isolated the CNFs.
Overall, the enzymatic treatment was more effective in re-
moving minerals traces and hydrolyzing the amorphous
cellulose. This result can be related to the weak acid treat-
ment, H,SO4 (2%). However, the TEM images show traces of
components such as hemicelluloses and lignin as well as the
formation of interfibrillar hydrogen bonds in both CNFs,
evidencing the need for optimization in the removal and
hydrolysis steps, or even the addition of mechanical treat-
ment (high-pressure homogenizer). According to Pelissari
et al. (2014), the addition of a mechanical treatment in-
creased the removal process of the undesirable components
and improved the properties of nanofibers from banana peels
subjected to acid treatment, HySO4 (1%).
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Table 3 - Characterization of CNFs obtained by acid and enzymatic treatment.

Sample Diameter, D (nm) Length, L (nm) Aspect ratio, (L/D) Polidispersity index, PdI {-potencial (mV)
AT 17.9 + 2.82 928.6 + 38.5% 51.7 + 2.1° 0.77 + 0.04% 425 + 2.1°
ET 13.5 + 0.9° 984.0 + 30.92 72.7 + 2.3° 0.79 + 0.03% -52.2 + 3.7°

Different letters indicate significant differences between samples (p < 0.05).

The diameters of the CNFs (AT) and (ET) were 17.9 and
13.5 nm, respectively. This result confirmed the effectiveness
of both processes in isolating the fibers from the S. ramo-
sissima residue on a nanometric scale. According to Espinosa
et al. (2017), the sizes of nanofibers can vary between dif-
ferent raw materials even when applying similar production
processes. Furthermore, according to Leite et al. (2017), the
hydrolysis time and the acid concentration are also variables
that influence the final size of the nanofibers.

In this study, the sizes of the CNFs are close to those of
nanometric structures extracted from other agro-residue
sources chemically or enzymatically treated, such as CNFs
from cassava pomace (15-30 nm) (Panyasiri et al., 2018), CNCs
from sugar palm fibers (3-18.2 nm) (Ilyas et al., 2018), CNCs
from grape pomace (3-10 nm) (Coelho et al., 2018), and CNFs
from banana peels (7.6-22.6 nm) (Pelissari et al., 2014; Tibolla
et al.,, 2014).

3.4. Particle size distribution and ¢-potential

Table 3 presents a characterization of nanofibers based on
their particle diameter (D), length (L), and aspect ratio (L/D).
As a general trend, the enzymatic treatment obtained
smaller diameter nanofibers, but the difference in length was
not significant (p < 0.05). On the other hand, the aspect ratio
of CNF (ET) was significantly higher, 72.7, while for CNF (AT),
it was 51.7. Despite the differences between nanofibers, the
high aspect ratio (between 50 and 300) shows that both re-
sults were good enough to show that CNFs have great ap-
plicability in materials science, whether to produce robust
aerogels (Kettunen et al., 2011; Wang et al., 2018) or to be
used as reinforcing agents in polymeric compositions
(Norrrahim et al., 2021). Several studies have related the
highest aspect ratio of continuous fibers with a high degree
of entanglement, resulting in nanofibers with greater effi-
ciency in general mechanical properties such as stiffness,
flexural strength, elasticity modulus, and traction (Li et al.,,

2014; Malyshev et al., 2021; Norrrahim et al., 2021; Zarate
et al., 2003).

Fig. 3 shows the granulometric distribution represented as
a volume percent. Peaks reveal a modal distribution of the
samples, with only one distribution peak. According to Leite
et al. (2017), the volumetric distribution weighs larger parti-
cles more heavily because the particles’ volume is a cubic
function of the diameter, not taking smaller particles into
account. For SWS, most particles were in the equivalent vo-
lume diameter range of 419-951 nm. For CNFs, the range of
equivalent diameter related to the volumetric distribution
was smaller, between 230 and 756nm for CNF(AT) and
151-525 nm for CNF(ET). Overall, the distribution of CNF (ET)
was lower than that of CNF (AT), and according to Tibolla
et al. (2014), this behavior indicates that the enzymatic
treatment was more severe, showing a greater capacity for
destruction of crystalline zones and greater degradability of
amorphous zones of fibers.

The effect of the acid and enzymatic treatments on the
zeta potential is present in Table 3. The zeta potential was
-42.5 + 2.1 for the CNF (AT) and - 52.2 + 3.7 mV for CNF (ET).
The first relevant observation is that both nanofibers have a
negative charge. The higher negative charges of CNF (ET)
indicate characteristics of a nanofiber with good electrical
stability, therefore, with better performance as a reinforcing
agent. Jiang and Hsieh (2015) reported that the hydrolysis of
sulfuric acid promoted the stabilization of the aqueous sus-
pension of nanocellulose by negatively charged sulfate
groups, confirmed with a zeta potential of - 52.4 mV, similar
to the zeta potential of CNF (ET). Tibolla et al. (2014) observed
that the enzymatic treatment with xylanase resulted in na-
nofibers with high electrostatic repulsion and less capacity
for aggregation between fibers. In this sense, as in the pre-
sent study, the nanofibers obtained by enzymatic treatment
showed an ability to form more effective surface charges to
stabilize the suspension instead of the nanofibers obtained
by the acid treatment.
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Fig. 3 - Particle size volumetric distribution of SWS and CNFs.
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Fig. 4 - FTIR spectra of SWS and CNFs obtained by acid and enzymatic treatment.

3.5. FTIR spectroscopy analysis

The spectra of SWS and CNFs (AT) and (ET) are shown in
Fig. 4. All spectra showed peaks in the region of 3421cm™
which are a characteristic of the ~-OH elongation vibrations,
in cellulose, typical of hydrogen bonding molecules (Ilyas
et al., 2018; Sdnchez-Gutiérrez et al., 2020).

The peak found in the 2912 cm™ region occurred due to
the existence of alkane groups in the cellulose chain. Overall,
peaks around the region between 2950 and 2850 cm™ are
characteristic of C-H asymmetric elongation vibrations
(Pelissari et al., 2014; Roy et al,, 2021). The peak showed at
1735cm™, present only in the SWS sample, represents vi-
brations of the acetyl and uronic ester groups of hemi-
celluloses or to the ester linkage of the carboxylic group of
the ferulic and p-coumaric acids of lignin (Cherian et al,
2008). According to Tibolla et al. (2018), the absence of this
peak in the CNFs spectra is due to the process of complete or
partial removal of hemicelluloses and lignin through
bleaching. The absorption bands observed at 1641 and
1566 cm™ can be associated with adsorbed water and elon-
gation of aromatic lignin groups (Ilyas et al., 2018; Ventura-
Cruz and Tecante, 2019). For this reason, some of these peaks
may have been low intensity in the CNFs where lignin was
previously present. The peak at 1419 cm™ is attributed to the
elongation of the C-H groups and the curvature mode of the
CH, bonds (Sanchez-Gutiérrez et al., 2020). Small absorbance
bands observed between 1500 and 1100 cm™* were attributed
to proteins (Jiang and Hsieh, 2015).

In general, peaks that emerge below 1300cm™" are in a
region known as the cellulose fingerprint zone (Kafle et al,,
2015). The absorbance bands around 1259, 1161, and
1064 cm™' represent asymmetric CO-O-C elongations of es-
ters and glycogen and the C-H curvature in aromatic rings.
Probably, in CNFs, the peak is associated with changes in
hydrogen bonds, suggesting a transition from cellulose I to
cellulose II (Leite et al., 2017; Sun et al., 2004). The observed
absorbance band at 897 cm™ is attributed to C-H vibrations
associated with b-glycosidic bonds between glucose units in
cellulose molecules (Hassan et al., 2010).

The likely functional groups of the biochemical com-
pounds present in the samples, based on similar biological
systems described in the literature, are summarized in
Table 4.

3.6. XRD patterns

Fig. 5 shows the XRD patterns of the S. ramosissima waste and
the CNFs obtained by AT and ET. The fibers from the un-
treated salicornia waste (SWS) showed a large amorphous
portion mainly by the presence of hemicellulose and lignin.
On the other hand, the CNFs obtained by AT and ET pre-
sented a larger crystalline region with partially similar XRD
patterns occurring at 26 angles of 16, 22, 32, and 34 degrees.
All these crystallographic planes are typical of the presence
of cellulose I, or pure cellulose (Naduparambath et al., 2018;
Ventura-Cruz and Tecante, 2019; Xing et al., 2020). Moreover,
the CNF diffractograms showed high intensity and well-
shaped peaks, indicating structural changes in the fibers, a
characteristic of crystalline samples with high cellulose
quantity and low or no presence of hemicelluloses and lignin
fractions (Jiang and Hsieh, 2015; Mussatto et al., 2008).

The crystallinity index of the CNFs doubled that of the
SWS fibers. While SWS fibers presented Crl of 25.4%, the
CNFs obtained by AT and ET presented indexes of 61.8% and
63.8%, respectively. In this context, the acid and enzymatic
treatments promoted the isolation process of CNFs through
the purification and realignment of cellulose molecules also
the increasing the crystalline surface (Jonoobi et al., 2015;
Leite et al., 2017). Several studies with raw materials and by-
products of vegetable origin reported the increase in the
crystallinity degree after acid or enzymatic hydrolysis, with
similar results to those obtained in this study. Other authors
proposed the isolation of nanocellulose from other plant by-
products and found an increase in Crl, as in nanocellulose
obtained from soy hulls, 64.4% (Flauzino Neto et al., 2013),
banana peels, 58.6% (Tibolla et al., 2014), Rose stems, 56.2%
(Ventura-Cruz and Tecante, 2019), grape pomace, 74.9%
(Coelho et al, 2018), olive tree harvest, 48.9% (Sanchez-
Gutiérrez et al, 2020). Both the acid and the enzymatic
treatment were successfully used in the previous examples,
under varying conditions of concentration of enzyme, acid
solution, temperature, and time.

The advantage of the crystallinity index of CNFs obtained
by the proposed enzymatic treatment (63.8%) compared to
the CNFs obtained by acid treatment (61.8%) may be related
to the lack of optimization of the acid hydrolysis process. Liu
etal. (2016) observed that during the acid hydrolysis, the time
and acid concentration hydrolyze the amorphous regions of
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Fig. 5 — XRD patterns and crystallinity index of SWS and
CNFs, obtained by both methods.

cellulose, partially destroying, in the meantime, the crystal-
linity and reducing the potential of the process.

4, Conclusion

CNFs were successfully isolated by alkaline treatment, fol-
lowed by bleaching and mild acid hydrolysis or enzymatic
hydrolysis using the enzymes xylanase and cellulase (pro-
posed method). The alkaline treatment and bleaching re-
moved the amorphous portions with the removal of the
hemicellulose and lignin, as shown in the FTIR studies. From
SEM micrographs, it can be concluded that the enzymatic
treatment was efficient in producing CNFs from plant waste.
The TEM images showed that the nanofibers have a diameter
in the range of 15.5-17.9 nm. Furthermore, nanofibers from
AT e ET have a high aspect ratio (51.7 and 72.7), crystallinity
index (61.8 e 63.8%), and {-potential (42.5 and -52.5 mV), re-
spectively. XRD patterns of the extracted CNFs show typical
cellulose I structures.

The proposed production scheme to obtain CNFs from the
waste streams of the S. ramosissima can contribute to reducing
costs with industrial waste management by successfully ap-
plying the circular economy concepts, in this case, when using
a new kind of raw material to produce a product that already
exists, the CNFs. Finally, it was proved that the residue of S.
ramosissima can be used as a renewable source of nanofibers
production. Furthermore, the enzymatic treatment can re-
place traditional methods without generating toxic residues,
with mild thermal conditions, and produce nanocellulose
with high-value applications in the material sciences.
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