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In this study, cellulose was extracted from giant cane (GC), Posidonia oceanica seagrass (PO), coffee silverskin
(CS), and brewer’s spent grain (BSG) as alternatives to conventional sources of cellulose. The extraction protocol
involved three steps: i) hemicellulose and lignin removal through alkaline hydrolysis in a 5% (w/v) NaOH so-
lution (solid-to-liquid ratio = 1:100 g/mL, T = 25 °C, t = 2 h, ® = 300 rpm), ii) removal of organic compounds
and ashes through a 95% (v/v) ethanol solution (solid-to-liquid ratio = 1:25 g/mL, T = 25 °C, t = 0.5 h, ® = 500
rpm), and iii) double bleaching in a 1% (w/v) acidic (pH = 4) NaClO; solution (solid-to-liquid ratio = 1:50 g/mL,
T =90 °C, t = 1.5 h, ® = 500 rpm). Yield, purity, crystallinity degree, and morphology of cellulose extracted
through a soft-chemical cascade process were assessed by gravimetric, infrared (FT-IR), nuclear magnetic
resonance (NMR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM) analyses.
Averaged cellulose extraction yields of 36.4, 38.6, 23.1, and 22.2% for GC, PO, CS, and BSG were obtained,
respectively. All cellulose samples had high purity, though lower than the ultra-pure bacterial cellulose, which
was due to the slight contamination from unremoved hemicellulose and lignin residues. Cellulose samples
exhibited similar chemical features and the typical fibril-like morphology of microcrystalline cellulose (6-13 pm
in width). The versatility of the proposed extraction procedure supports the sustainable conversion of low-cost

organic biomasses to valuable products with manifold industrial applications (e.g., food packaging).

1. Introduction

In the last decades, the food packaging industry has been striving to
replace fossil-based plastics with greener solutions following the sus-
tainability concept, that is, involving eco-friendly processes and raw
materials (Asgher et al., 2020; Bangar et al., 2023; El-Sayed & Youssef,
2023; Orqueda et al., 2022). This transition was undoubtedly triggered
by the latest legislation (directive EU 2019/904, now under amendment
by Regulation EU 2022/0396,/COD) demanding the reduction in plastics
and their wastes for food packaging applications (Carullo et al., 2023).

Fossil-based plastics, among which polyethylene (PE), poly-
propylene (PP), polyethylene terephthalate (PET), polystyrene (PS),
polyvinyl chloride (PVC), and polyamide (PA), currently dominate the
food packaging sector, with a share grazing 40% of the overall plastic
market, owing to their cheapness, full recyclability, and superior ther-
mal/mechanical/water vapor barrier performance (Khezerlou et al.,
2021; Kumar et al., 2020; Shi et al., 2022). Nevertheless, the underrated
environmental burden associated with plastics mismanagement
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unavoidably generates a huge amount of non-biodegradable waste, thus
potentially impairing terrestrial, atmospheric, and marine eco-systems
(Beji et al., 2023; Thuy et al., 2021). In an attempt to eliminate or at
least minimize this drawback, the development of biodegradable ma-
terials for food packaging purposes through the reuse of bio-based
sources (e.g., agri-food wastes, but also non-food plant residues) has
recently emerged as a pursuable strategy (Apicella et al., 2021; Carullo
et al., 2023; Pietrosanto et al., 2022; Pires et al., 2022; Wang et al.,
2024). In addition, the utilization of waste for valuable product syn-
thesis has been pointed out as a strategy for mitigating the environ-
mental impact of climate change and managing waste disposal
challenges (Iftikhar, Majeed, Altaf, & Khalid, 2024).

Within this scenario, cellulose-based materials are looked at with
renewed interest by both academia and industry because of their
appealing functional properties, among which high mechanical
strength, water absorption capacity, and biodegradability (Huang et al.,
2022; Vallejo et al., 2021). Indeed, cellulose is the most abundant
organic polymer on earth, which can find valuable application in
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multiple industrial sectors if efficiently recovered from the above-
mentioned sources (Khan et al., 2022; Picot-Allain & Emmambux, 2021;
Rovera et al., 2023).

In this work, the potential of four different cellulose-rich biomasses,
both competing or not with the food sector, for the extraction of cellu-
lose was investigated.

Arundo donax L., commonly referred to as giant cane or giant reed, is
a plant species that grows spontaneously in various types of marginal
environments, regardless of the type of soil and water availability.
Moreover, this infesting plant can be largely found in both temperate
and hot regions across the globe (Corno et al., 2014). The stems of giant
cane have been recently exploited in disparate sectors, such as buil-
ding/carpentry, food packaging, and biofuels (Martinez-Sanz et al.,
2018).

Posidonia oceanica seagrass is a type of flowering plant that has
adapted to life underwater. It preserves Mediterranean ecosystems by
preventing coastline erosion and regulating CO5 absorption in both the
sea and the atmosphere (Balata & Tola, 2018). A consistent amount of
seagrass residues accumulates on the seashore every year, which often
pushes municipalities to remove it through expensive disposal opera-
tions due to the negative perceived impact on local tourism. Posidonia
oceanica biomass, representing a total amount ranging between 5 and 50
Mton per year, is currently dumped into landfills, contributing to raising
pollution levels via degradation to smelly compounds (Restaino et al.,
2023; Voca et al., 2019). The rapid expansion rates and the lower lignin
load as compared to common plants make seagrass a surrogate source
for cellulose extraction of conventionally employed biomasses, such as
wood and cotton (Tarchoun et al., 2019).

As far as agri-food wastes are concerned, interesting case studies are
given by the processing of coffee beans and barley grains for beer-
making, whose global production was recently estimated to reach 5.7
Mton and 144.4 Mton, respectively (FAOSTAT, 2022). Harvesting and
industrial processing phases generate substantial quantities of biomass
wastes from both coffee and barley grains, which stand up to 30%-45%
of the total raw materials (Forcina et al., 2023; Mussatto, 2014). These
wastes mainly consist of silverskin left after the roasting of coffee beans
and the insoluble undegraded part of the barley grain, known as
brewer’s spent grain (Overturf et al., 2021; Qazanfarzadeh et al., 2023).
Interestingly, these wastes are abundant sources of cellulose (=~ 20% dry
weight biomass, DWy,), which could be potentially recovered through a
biorefinery process and destined for several industries (Iadecola et al.,
2022; Liu et al., 2023).

In a previous study, a fast and simple cascade method was developed
for the extraction of cellulose from three different feedstocks (i.e., garlic
stalks, corncob, and giant cane cut up) for potential usage in the food
packaging sector (Rovera et al., 2023). Fourier-Transform Infrared
(FT-IR) and Nuclear magnetic resonance (NMR) spectroscopy analyses
revealed a relatively high purity degree of the extracted cellulose as
compared to cellulose of bacterial origin. This was attributed to the
non-negligible presence of traces from other plant components, namely
hemicellulose and lignin, following the extraction process. In addition,
the values of extraction yields approached the theoretical content of
cellulose in biomasses. However, the protocol described by Rovera et al.
(2023), while bringing interesting results and time-saving when
compared with strong acids/alkali-based cellulose extraction methods
(Reddy & Rhim, 2018), still has great room for improvement from an
environmental standpoint.

Based on these premises, this study aimed to address some unre-
solved aspects present in previous works. More specifically, we
attempted to improve previous protocols by developing a unique and
versatile method that can be universally and interchangeably applied to
different agri-food biomasses for cellulose recovery. Our goal was to
reduce the overall chemical load by replacing (at least partially) con-
ventional harsh chemicals with safer alternatives. To this end, we
decided to use four well-known and widely available lignocellulosic
biomasses, namely giant cane, seagrass, coffee silverskin, and brewer’s
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spent grain. The selection of these biomasses was based on their origin:
giant cane and seagrass represent natural residues not directly linked to
human activity, whereas coffee silverskin and brewer’s spent grain are
residues from the food industry. This approach aims to demonstrate that
the same protocol can be efficiently applied to biomasses with different
origins and compositions (Table 1). Moreover, the novelty of this work
lies in i) using a lower amount of NaOH for hemicellulose and lignin
hydrolysis and ii) replacing the highly toxic xylene with a less-polluting
organic solvent (i.e., ethanol) for the removal of the organic compounds.
Cellulose extracted from the newly proposed process underwent a sys-
tematic characterization in terms of yield, chemical composition/purity,
structural organization, and morphology. This work aligns with current
research efforts to reduce agricultural waste as a way to mitigate the
threats associated with landfilling and GHG emissions (Majeed et al.,
2023).

2. Materials and methods
2.1. Raw materials and chemicals

Giant cane (coded as GC) cut-up was obtained in June 2023 from the
experimental farm ‘A. Menozzi’ of the University of Milan (Landriano,
Italy). Posidonia oceanica seagrass (coded as PO) was manually collected
from the Sardinian shore (Alghero, Italy) between May and June 2023. A
sample of about 5 kg of seagrass was washed with tap water to remove
sand and subsequently stored at 4 °C. Seagrass was transported to the
laboratory in an EPS box under refrigerated conditions and delivered
within 24 h. Silverskin from robusta variety coffee beans (coded as CS)
and brewer’s spent grain (coded as BSG) were gently provided by the
“Caffe Milani” company (Lipomo, Italy) and a craft brewery located in
Milan (Italy), respectively, in September 2023. After their arrival at the
laboratories, GC, PO, CS, and BSG were separately air-dried at 60 °C
(Memmert UF110plus, Schwabach, Germany) and further ground/
sieved to yield powders of ~ 200 pm average size (Rovera et al., 2023).
All the pulverized samples were then stored in a desiccator for one week
before being processed. Table 1 reports the initial composition of the
investigated matrices according to the literature. All chemicals
employed in this work, whose material safety data sheets (MSDSs) were
reported in Figs. S1-S3 of the Supplementary Material, were of reagent
grade (VWR International S.r.1., Milan, Italy) and used without further
purification. Grade 230 Whatman filter paper (particle retention: 20-30
pm) for vacuum filtration was acquired from Merck KGaA (Darmstadt,
Germany). All solutions were prepared using milli-Q water with a re-
sistivity of 18.2 MQ cm at 25 °C.

2.2. Cellulose extraction

The recovery of cellulose from the different biomasses was executed

Table 1
Putative composition of the lignocellulosic biomasses tested in this work.
Biomass  Cellulose Hemicellulose Lignin Organic Reference
(%) (%) (%) compounds
and ashes
(%)
GC 33.7 £ 24.6 £ 6.3 22.2 142+ 4.2 Corno et al.
3.9 + 2.7 (2016)
PO 40.0 18.2 29.1 12.6 Voca et al.
(2019)
CS 23.8 £ 16.7 + 1.3 28.6 25.1 + 3.4 Ballesteros
0.1 + 0.5 et al.
(2014)
BSG 24.0 £ 9.4+0.7 3.3+ 63.0 £ 0.2 Castro and
1.6 0.4 Colpini
(2021)

Legend: GC = giant cane, PO = Posidonia oceanica, CS = coffee silverskin, BSG =
brewer’s spent grain.
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following the three-step procedure developed by Rovera et al. (2023)
but with slight modifications aimed at reducing the environmental
footprint of the whole process (Fig. 1). Specifically, 2 g of each powder
underwent i) hemicellulose and lignin removal through alkaline hy-
drolysis in a 5% (w/v) NaOH solution (solid-to-liquid ratio = 1:100
g/mL), ii) further removal of organic compounds and ashes through
solvent extraction in a 95% (v/v) ethanol solution (solid-to-liquid ratio
= 1:25 g/mL), and iii) ultimate bleaching in a 1% (w/v) NaClO, solution
at pH = 4 (solid-to-liquid ratio = 1:50 g/mL). The last step was repeated
twice to ensure full whitening of the final cellulose. After each stage, the
separation between the solid and the liquid phases was carried out via
Buchner filtration, followed by washing and drying of the residual
biomass (Rovera et al., 2023). The processing conditions (SL ratio, time,
temperature, and stirring speed) used in this study (Fig. 1) were deter-
mined based on preliminary tests, which helped identifying the optimal
combination of factors to maximize the extraction yield from all tested
biomasses (data not shown). For comparison purposes, ultra-pure bac-
terial cellulose (BC) was obtained as illustrated in Rovera et al. (2018)
and used as a reference substrate.

2.3. Characterization of cellulose samples

2.3.1. Extraction yield
The cellulose extraction yield (Y, in %) from all analyzed matrices
was gravimetrically estimated as follows (Eq. (1)):

Y = Dekl )
my

where mcg; is the mass of the dry cellulose extracted from the i-th raw
material (i = GC, PO, CS, and BSG) and my,; represents the mass of the
initial biomass (dry powder) used for the extraction (2 g).
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2.3.2. Fourier transform infrared spectroscopy (FT-IR)

Attenuated total reflectance infrared (ATR FT-IR) spectra of the
extracted cellulose were collected through an IR spectrometer (Spec-
trum 100, PerkinElmer Inc., USA) utilizing a germanium crystal set at an
incident angle of 45°. The spectra were recorded at a 4 cm™! resolution
and in the wavenumber range of 4000-800 cm ™. A background spec-
trum of a clean Ge crystal in air was obtained and used to erase any
signal originating from air and moisture. Finally, the baseline modifi-
cation was applied for the resulting averaged spectra, which were
retrieved from at least 3 repetitions per sample.

2.3.3. Solid-state nuclear magnetic resonance (NMR)

Solid-state 3C Cross-Polarization Magic Angle Spinning (CP-MAS)
spectra were collected at 125.76 MHz on an Avance 500 MHz NMR
Spectrometer (Bruker Italia s.r.l., Milan, Italy) as thoroughly described
elsewhere (Rovera et al., 2023). All the samples were first packed in
Zirconia (ZrOy) rotors, closed with Kel-F caps (50 pL internal volume),
and analyzed by fixing the MAS rate at 10 kHz. The crystallinity index
(C.Lnmp, in %) of cellulose samples was estimated by applying the
Global Spectral Deconvolution (GSD) analysis algorithm supported by
the MestReNova v. 14.1.2 software (Mestrelab Research S.L., Santiago
de Compostela, Spain).

2.3.4. X-ray diffraction (XRD)

Cellulose powder was analyzed using a MiniFlex600 diffractometer
(Rigaku, Tokyo, Japan). The data were collected using Cu Ka radiation
at the following operating conditions: 40 kV, 15 mA, 26 range 5-50°,
step size 0.02°, scan speed 1.00°/min. X-ray patterns were evaluated
using SmartLab Studio-II software. The crystallinity index (C.L.xrp, in %)
was calculated from the height ratio between the intensity of the crys-
talline peak and total intensity after subtraction of the background
signal measured without cellulose (Park et al., 2010). The so-obtained C.
Lxgp values were then compared with those determined by NMR.

Hemicellulose and lignin

t
1

e : 1 I 1
STEP 1: NaOH hydrolysis IIﬁ
(25 °C, 2 h, 300 rpm) 440
VF W D
|
Organic compounds and ashes
t
1
. 1 !
STEP 2: EtOH extraction I[ﬁll
(25°C, 0.5 h, 500 rpm) Lo
VF W D

Lignin residues

4
’ ?2) —
W D

STEP 3: NaClO, bleaching
| —p

(90°C, 1.5 h x 2, 500 rpm) so
VF

CE-CS

CE - BSG

Fig. 1. Representative sketch of the cellulose extraction protocol applied to all tested biomasses. Legend: GC - giant cane, PO — Posidonia oceanica seagrass, CS —
coffee silverskin, BSG — brewer’s spent grain, VF — vacuum filtration, W — washing, D — drying, CE — cellulosic extract.
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2.3.5. Scanning electron microscopy (SEM)

The morphological features of cellulose extracted through the pro-
posed protocol were evaluated using a table-top scanning electron mi-
croscope (SNE-ALPHA, SEC Co., Korea) working at an accelerating
voltage of 10 kV. Powdered cellulose was first mounted on metallic stubs
covered with carbon tape and subsequently metalized with gold to an
approximate thickness of 5 nm using an MCM-100 ion sputter coater
(SEC Co., Korea). SEM micrographs were collected at 1000x , 5000x ,
and 15000 magnifications.

2.4. Statistical analysis

Processing of biomasses and further analysis were performed in
triplicate and the results were reported as means =+ standard deviations.
Where applicable, differences among mean values were assessed by one-
way analysis of variance (ANOVA), executed with SPSS 20 (SPSS IBM.,
Chicago, USA) statistical package. Statistically significant differences (p
< 0.05) were determined by the Tukey test.

3. Results and discussion
3.1. Extraction yield

GC, PO, CS, and BSG underwent the three-step process previously
depicted in Fig. 1 to eventually recover the cellulosic biomass. Once
dried, cellulose was immediately weighed to assess the yield of extrac-
tion. As shown in Table 2, for the four biomasses the yield was com-
parable to the theoretical cellulose content (see Table 1), thus
demonstrating that the applied chemical procedure was effective in the
recovery of cellulose. These data align with those obtained in previous
works on the multi-step extraction of cellulose from the same biomasses
as in the present study (Ballesteros et al., 2014; Camacho-Nunez et al.,
2023; Pires et al., 2022; Rovera et al., 2023; Tarchoun et al., 2019;
Vallejo et al., 2021).

3.2. FT-IR spectroscopy

The FT-IR spectra (Fig. 2a) are dominated by seven characteristic
absorption peaks of cellulose, according to the previous assignments by
Tarchoun et al. (2019). In particular, the peaks at 3330 cm ! and 2923
cm ! are associated with the stretching vibration of the O-H bonds of the
primary/secondary hydroxyl groups and the C-H bonds assigned to the
cellulose crystalline order, respectively. The absorption peak at 1650
cm ™! was attributed to the OH deformational vibration of the absorbed
water. The subtle peak at 1430 cm ™ is attributed to the CH, bending
vibration. The peaks within the range of 1165-1110 cm ™! correspond to
the C-O-C stretching and skeletal vibration of the pyranose ring in cel-
lulose. At last, the stretching vibration of the C-O bonds generates the
peak at 1060 cm ™. Fig. 2a shows high similarity among spectra, thus
suggesting an almost identical chemical composition of cellulose
extracted from the four biomasses. A good correspondence with spectra
derived from bacterial cellulose and filter paper was also observed.
Interestingly, only the FT-IR spectrum of the CE-PO sample exhibited a

Table 2

Yield (Y¢) and crystallinity index (C.1.), calculated using both NMR and XRD
data, of cellulose extracts from tested biomasses. Results are expressed as mean
+ standard deviation. In the case of yield, different superscript letters express
significant differences among mean values as a function of substrate (p < 0.05).
Legend: % DWy, = percentage of dry weight biomass.

Sample Yc (% DWy) C.Lnmr (%) C.Lxrp (%)
CE-GC 36.4 + 2.6" 41.74 68.06
CE-PO 38.6 + 3.9° 34.93 49.55
CE-CS 23.1 +1.4* 33.26 56.65

CE-BSG 22.2 £ 0.8% 32.25 58.43
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Fig. 2. FT-IR spectra of CE-GC, CE-PO, CE-CS, and CE-BSG samples within
4000-800 cm ' (a), 1700-1500 cm ™' (b), and 1100-1000 cm~' (c). The
spectra of bacterial cellulose (BC) and filter paper (FP) (Whatman grade 3 MM)
are also reported.
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peak at around 1620 cm ! (Fig. 2b), which can be ascribed to the C=0
stretching vibration in esters and other carbonyl-type groups in mono-
mers from both lignin (e.g., ferulic and p-coumaric acids) and hemicel-
lulose (e.g., acetyl and uronic ester groups) chains (Rovera et al., 2023;
Tarchoun et al., 2019). Applying the same extraction protocol, the
higher percentage of lignin and hemicellulose in PO biomass (Table 1)
might have contributed to a greater level of impurities in the extracted
cellulose. Additional experiments are necessary to understand the effect
of the microstructural arrangement of the investigated matrices on the
purity degree of cellulose after the extraction procedure. This would
allow to optimize the extraction parameters to minimize the presence of
polluting molecules in the final extract.

Looking at the spectra of Fig. 2c, the more pronounced peak at 1060
cm ™! shown by the reference substrates and only partially by the CE-GC
sample can be attributed to their slightly greater purity as compared to
cellulose extracted from the plant-based biomasses (Camacho-Nunez
et al., 2023). Analogous conclusions were drawn by Garnett et al.
(2024), who explored the feasibility of using mixed food wastes from a
local restaurant as a substrate for cellulose extraction. FT-IR spectros-
copy underscored a clear overlapping between the FT-IR spectra of
cellulose from restaurant wastes and those obtained from commercial
cellulose, though some impurities related to residual lignin fragments
were detected.

3.3. NMR spectroscopy

The '3C CP MAS NMR spectra of CE-GC, CE-PO, CE-CS, and CE-BSG
samples are displayed in Fig. 3. All the samples exhibited the typical
pattern of pure cellulose, with signals at 105 ppm (C;), 80-90 ppm (C4
crystalline-amorphous region), 70 ppm (C 3 5 fraction), and 60-99 ppm
(Cg crystalline region). This is in full agreement with previous findings
on the extraction of cellulose from agri-food wastes, including orange
peels (de Castro et al., 2024), corncob and garlic stalks (Rovera et al.,
2023), rice husk (Nguyen et al., 2022), and bitter cucumber seeds
(Kouadri & Satha, 2018). Interestingly, the weak signals detected at
175.5 ppm (for CE-PO, CE-CS, and CE-BSG) and within the 30-34 ppm
range (only for CE-PO and CE-BSG) are due to carbonyl groups and the
methylene groups adjacent to them of organic compounds other than
cellulose (Sejati et al., 2022). This foretells the presence of traces of
hemicellulose and lignin still contaminating the cellulose samples after
extraction, thereby confirming the previous conclusion drawn from the
FT-IR analysis (i.e., the extraction protocol does not yield pure cellu-
lose). In a similar fashion, Choi et al. (2018) observed subtle peaks in the

—— CE-GC B Cass
—— CE-PO M
—— CE-CS G | C
—— CE-BSG \ C, / FA/
/\ ';A } /\ CH,-C=0
Cc=0 | U\/\/ Y | e
/ Al

200 150 100 50 0
Chemical shift (ppm)

Fig. 3. 13C CP MAS NMR spectra of CE-GC, CE-PO, CE-CS, and CE-BSG samples.
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NMR spectrum of graviola leaf-derived cellulose at 30 ppm and 155
ppm, being presumably linked to unremoved non-cellulosic materials
after purification.

The deconvolution of NMR spectra (Fig. 3) was advantageously used
to estimate the crystallinity index (C.L.xyr) of cellulose obtained from
the tested biomasses. As shown in Table 2, C.I.ymr < 50% was detected
for all the samples, thus indicating that the amorphous domains pre-
vailed over the crystalline ones. Several authors assessed the crystal-
linity index of cellulose extracted from plant residues and agri-food
wastes and contrasting results were collected. In agreement with our
findings, C.Lnyr values of ~45%, 35%, and 40% were obtained for
cellulose from sugarcane bagasse (Bernardinelli et al., 2015), almond
shell (Modica et al., 2020) and hop stems (Kanai et al., 2021), respec-
tively. On the other hand, cellulose extracted from eggplant residues
(Bahloul et al., 2021) and chemo-enzymatic treated citrus waste (Marino
et al., 2015) was found to reach crystallinity indexes greater than 50%.
These discrepancies with our results could be attributed to the presence
of unremoved lignin and hemicellulose traces in the extracted cellulose,
which are known to curb the overall crystallinity of the final extract
(Jang et al., 2023). However, to confirm these hypotheses and to better
characterize the obtained cellulose, additional analyses are necessary.

3.4. XRD spectroscopy

The XRD diffractograms of CE-GC, CE-PO, CE-CS, and CE-BSG are
displayed in Fig. 4. All the samples are characterized by three main
peaks centered at approximately 20 = 16.2°, 22.5°, and 34.8°, which are
respectively associated with 1-10/100, 002, and 004 crystal planes of
cellulose I, the predominant polymorph present in higher plants
(Cozzolino et al., 2014; French, 2014). Only for the sample CE-CS, a
minor shoulder at 20 = 15 — 17° separates signals from crystal planes
with Miller indices of (1-10) and (110). On the other hand, an overlap of
these signals generates the broader peak at 20 = 16.2° for CE-GC, CE-PO,
and CE-BSG samples, as previously observed (Camacho-Nunez et al.,
2023; Gomez Hoyos et al., 2020; Ren et al., 2019).

Noteworthy, higher C.I. values were detected when applying the
XRD peak height method compared to the NMR C4 peak separation
technique (Table 2). This result fits with the established overestimation
of C.I. provided by the XRD peak height method (Park et al., 2010), thus
confirming the greater calculation accuracy granted by the deconvolu-
tion methods based on the NMR analysis. Accordingly, Marino et al.
(2015) claimed that the absolute values of C.I.xgp must be taken with
caution, because of the inherent approximation of the amorphous

—— CE-GC

—— CE-PO (002)
—xs /)
(1-10) “(?110)//'

]

\

10 15 20 25 30 35 40
26 (°)

Fig. 4. XRD diffraction patterns of CE-GC, CE-PO, CE-CS, and CE-BSG samples.
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domain within the cellulosic network. Expediently, the XRD peak height
method is a reliable tool when the goal is to highlight relative differences
in crystallinity among cellulose samples extracted through the same
purification process (Fig. 1), as done in this study and in a recent work
(Wang et al., 2024), where the crystallinity of cellulose from tea residues
was found to range between 47.4% and 52.6%.

3.5. SEM analyses

SEM images of CE-GC, CE-PO, CE-CS, and CE-BSG samples are
depicted in Fig. 5. A fibril-like morphology, typical of microcrystalline
cellulose with a mostly rough surface, was observed for all cellulosic
samples, in line with recent works on cellulose extraction from date
palm waste, sweet sorghum, and residues from black, green, and Pu-erh
teas (Raza et al., 2022; Ren et al., 2019; Wang et al., 2024). As disclosed
by micrographs at 1000 x magnification, fibrils are organized in bundles
rather than in individual units, which could be due to the presence of
residual lignin acting as a glue in the lignocellulosic structure
(Camacho-Nunez et al., 2023). This observation seems to confirm that

CE-PO — 1000x.

CE-CS — 5000x
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the biomass obtained through the protocol proposed in this work (Fig. 1)
is represented by high-purity cellulose still containing residual impu-
rities probably represented by lignin and hemicellulose. SEM pictures
taken at higher magnifications unveiled a width ranging between 6 pm
and 13 pm for fibrils which, in turn, are organized into a stack of mi-
crofibrils approaching sizes well below 1 pm (see the “CE-CS — 15000
image in Fig. 5). These findings are supported by some evidence in the
literature. For instance, Zeleke et al. (2022) applied a purification pro-
cess based on toluene-ethanol dewaxing, NaOH treatment, and
H2S04/H20;-catalyzed bleaching to extract microcrystalline cellulose
from the outer skin-isolated coffee husk. The authors pinpointed the key
role played by the two-cycle bleaching step in yielding fibrils of 2-3 pm
in diameter. Nuruddin et al. (2011) implemented an integrated bio-
refinery scheme to extract cellulose microfibrils from rice straw, wheat
straw, corn stalks, and dhaincha. The latter exhibited average diameters
of 8.7, 9.3, 6.6, and 6.8 pm following SEM analyses, thus showing full
correspondence with our results (Fig. 5).

CE-GC — 15000x

CE-CS —15000x

Fig. 5. SEM micrographs (1000x , 5000x , and 15000x magnification) of cellulosic extracts obtained from tested biomasses. The size of cellulosic fibrils and

microfibrils was also reported.
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3.6. Soft-chemicals extraction process vs. conventional methods

Table 3 provides a comparison between the soft-chemical extraction
method developed in this work and the methods found in the literature
for the extraction of cellulose from the same biomasses, that are, GC, PO,
CS, and BSG. In particular, chemicals/solvents load per g of processed
raw material, overall extraction time, as well as yield and crystallinity of
extracted cellulose were put under the spotlight. Lack of adequate in-
formation made impossible any comparison in terms of cellulose purity
and cost-effectiveness of the processes. Regardless of the biomass,
similar values were found in terms of yield and crystallinity of cellulose
between our method and the methods used by other scientists. However,
some advantages over conventional techniques can be outlined. First,
neither hazardous solvents (e.g., toluene, xylene) nor strong acids (e.g.,
H,SO4 and HNO3) were involved in this work to boost cellulose
extraction. Second, a significant reduction in solvent amount, processing
temperatures, and overall extraction time was attained. The latter pa-
rameters are known to affect dramatically the operative costs associated
with the lignocellulosic biorefinery processes (Yogalakshmi et al.,
2023). Therefore, pending future environmental and economic evalua-
tions, we can supposedly claim that the newly designed cellulose
extraction protocol outperforms the conventional ones as far as the
sustainability aspects are concerned.

4. Conclusions

The SWOT analysis of Fig. 6 underscores the potential of the protocol
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set in our work for the extraction of cellulose from biomasses of different
origins and compositions. The cascade method used in our study can
perform better than conventional processes in terms of efficiency,
versatility, and environmental impact. On the other hand, there are still
some hurdles to be addressed, namely the need for high-energy
demanding pre-treatments of the biomasses and the presence — though
reduced — of polluting chemicals. A great opportunity to replace
commonly used biomasses for cellulose extraction (e.g., wood and cot-
ton) with agri-waste feedstocks is also evidenced, thus paving the way
towards a “circular economy” model. Eventually, the establishment of
an easy, economically convenient, and continuous supply chain of raw
materials, together with the unavoidable post-processing of achieved
cellulose to fabricate marketable products, represent the main chal-
lenges to be considered for the potential scale-up of the adopted
extraction process.
In conclusion, additional steps ahead are necessary to:

i) explore other biomasses for cellulose recovery to ensure a large

availability of the raw materials;

ii) investigate new options for the extraction protocol using more
eco-friendly chemicals;

iii) perform a techno-economical assessment of the proposed strategy
as compared to conventional extraction methods;

iv) carry out a quantitative analysis of the environmental impact of
the proposed protocol;

v) execute a market analysis for the achieved cellulosic residues;

Table 3
Yield and crystallinity of cellulose recovered from GC, PO, CS, and BSG, both found in this work and retrieved from recent literature findings.
Biomass  Extraction protocol Chemical load per g of Overall Yield Crystallinity Reference
biomass extraction (%) (%)
time

GC Soxhlet extraction with toluene/ethanol 2:1 (v/v) (RT) + bleaching 80 mL toluene/ethanol + 55h 17.7 50.5 Martinez-Sanz et al.
with 1.4% (w/v) NaClO; solution (70 °C) + delignification with5% 1.1 g NaClO, + 4.52 g (2018)
(w/v) KOH solution (RT) KOH
Soaking in 1N NaOH solution (RT) N.R. 10 days 34.0 51.5 Suarez et al. (2022)
Delignification with 0.5N NaOH solution (RT) + hydrolysis with N.R. 46 h 24.0 81.3 Gaikwad et al.
nitric-chromic acids mixture (RT) + soxhlet extraction with (2023)
toluene/ethanol 2:1 (v/v) (RT)
Delignification with 20% (w/v) NaOH solution (RT) + extraction 20 g NaOH + 14 mL 4h 39.1 75.0 Rovera et al. (2023)
with xylene (RT) + bleaching with 1% (w/v) NaClO, solution xylene + 0.25 g NaClO,
(90 °Q)
Delignification with 5% (w/v) NaOH solution (RT) + extraction 5 g NaOH + 14 mL 5.5h 36.4 68.1 This work
with 95% (v/v) ethanol solution (RT) + bleaching with 1% (w/v) ethanol + 0.5 g NaClOy
NaClO, solution (90 °C)

PO Soxhlet extraction with toluene/ethanol 2:1 (v/v) (RT) + bleaching 22 mL toluene/ethanol + 39h 32.5 60.5 Tarchoun et al.
with 1.7% (w/v) NaClO; solution (70 °C) + delignification with 5% 3.6 g NaClO, + 2.5 g KOH (2019)
(w/v) KOH solution (RT)
Soxhlet extraction with toluene/ethanol 2:1 (v/v) (RT) + bleaching 200 mL toluene/ethanol 55h 24.0 51.4 Benito-Gonzales
with 1.4% (w/v) NaClO; solution (70 °C) + delignification with 5% +3.2gNaClO; + 9.4 ¢ et al. (2018)
(w/v) KOH solution (RT) KOH
Delignification with 5% (w/v) NaOH solution (RT) + extraction 5 g NaOH + 14 mL 55h 38.6 49.5 This work
with 95% (v/v) ethanol solution (RT) + bleaching with 1% (w/v) ethanol + 0.5 g NaClO,
NaClO, solution (90 °C)

CS Soxhlet extraction with n-hexane (RT) + delignification with 0.IN  N.R. 60 h 24.8 56.0 Alghooneh et al.
NaOH solution (60 °C) + bleaching with 10% (w/v) H,0; solution (2017)
(45°C)
Delignification with 5% (w/v) NaOH solution (RT) + extraction 5 g NaOH + 14 mL 55h 23.1 56.6 This work
with 95% (v/v) ethanol solution (RT) + bleaching with 1% (w/v) ethanol + 0.5 g NaClO,
NaClO,, solution (90 °C)

BSG Extraction with 80% (v/v) ethanol solution (RT) + hydrolysis with 16 mL ethanol + 0.47 g 58 h 5.7 N.R. Vellingiri et al.
4.7% (w/v) HaSO4 (45 °C) + delignification with 4N NaOH H5S04 + 1.6 g NaOH + (2014)
solution (RT) + bleaching with 5% (w/v) H,0, solution (RT) 0.5 mL H,0,
Hydrolysis with HNO3 (80 °C) + delignification with 2% (w/v) 0.9 g HNO;3 + 0.4 g 35h 28.0 63.0 Camacho-Nunez
NaOH solution (80 °C) + bleaching with 5% (w/v) H0, solution NaOH + 1 g Hp0, et al. (2023)
(70 °C)
Delignification with 5% (w/v) NaOH solution (RT) + extraction 5 g NaOH + 14 mL 5.5h 22.2 58.4 This work

with 95% (v/v) ethanol solution (RT) + bleaching with 1% (w/v)
NaClO, solution (90 °C)

ethanol + 0.5 g NaClOy

Legend: RT = room temperature, N.R. = not reported.
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STRENGHTS

» Fast, tunable, and high-yield cellulose

extraction process

* Possibility to treat biomasses of different
origin and composition

* Reduced environmental impact as compared to
conventional cellulose extraction methods

OPPORTUNITIES

* The developed extraction method can be
potentially scaled up to larger process volumes

» Agri-food wastes can be given a «second-life»

» Extracted cellulose can feed multiple industrial
sectors (e.g., food packaging)

SWOT

analysis
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Fig. 6. SWOT analysis on the application of the soft-chemical cellulose extraction process developed in this work.

vi) evaluate cellulose-derived forms (e.g., microfibrils and nano-
crystals) as fillers or coating agents for food packaging to verify
the feasibility of replacing conventional fossil-based plastics with
more sustainable materials.
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