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Abstract Soybean hulls (SBHs) are one of the main
by-products of soybean crushing, usually destined for
animal feeding or to become a putrescible waste. In
this work, we upgraded the SBHs to materials with
antimicrobial properties. After the extraction of soy-
bean peroxidase from SBHs, an enzyme applicable
in different technological sectors and naturally pre-
sent in soybean hulls, the exhausted biomass was
subjected to an acid-base treatment to isolate cellu-
lose. The obtained material was, in turn, functional-
ized with 3-aminopropyl triethoxysilane (APTES) to
achieve new hybrids with antimicrobial properties.
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The synthetic procedure was optimized by vary-
ing the solvent type (ethanol or toluene) and APTES
amount. Overall, the amino-functionalization process
was effective and the activity was outstanding against
both gram-positive and gram-negative bacteria,
reaching complete disinfection practically in all cases.
The samples were studied by means of several char-
acterization techniques, demonstrating that the sol-
vent and cellulose types had a significant influence on
the physical-chemical features, together with the eco-
sustainability of the process. In particular, the use of
greener ethanol and waste cellulose (with respect to a
commercial one) resulted in a higher APTES immo-
bilization efficiency and superior thermal stability of
the final materials. Interestingly, the presence of vari-
ous unremoved compounds from the lignocellulosic
SBH matrix, although in small quantities, emerged as
a crucial factor, also in terms of antibacterial activity,
hypothesizing a role of residual phytochemicals.
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Amino-functionalization - Antibacterial activity -
Sustainability

Introduction
One of the great interests of contemporary research is
the production of materials with peculiar characteris-

tics for ad hoc applications in medicine, engineering,
energy, and environment. This goal is often reached
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by combining compounds of different nature and fea-
tures, creating new functionalized materials and/or
composites. The approach to the preparation of such
materials is changing, preferring sustainable synthetic
strategies together with natural, renewable, and non-
toxic precursors (Bano et al. 2020; Liyanage et al.
2021).

In this direction, cellulose-based materials play an
important role in the technological scenario. Cellu-
lose is the most abundant biopolymer in nature and
consists of a linear chain of D-glucose units linked
by pB-1,4-glycosidic bonds (French 2017). Cellu-
lose and its derivatives are the main components
of many materials present in our daily life, such as
textile fibers (cotton, viscose, flax, jute, etc.), cot-
ton wool, paper, and cellophane (Kumar Gupta et al.
2019). Advanced applications already take advan-
tage of nanocellulose (which comprises micro- and
nano-structured cellulose according to the definition
of (Trache et al. 2020)) in pharmaceutical and cos-
metic formulations, food technology industry, bio-
medical sector, electronic devices, construction field,
and decontamination systems (Shokri and Adibki
2013; Trache et al. 2016, 2020; Kumar Gupta et al.
2019; Reshmy et al. 2020; Testa and Tummino 2021;
Nemes et al. 2022). Cellulose has received consider-
able attention because it is obtained from renewable
and widely available resources; it is non-toxic, biode-
gradable, low-cost and has favorable physicochemical
characteristics that make this compound very versatile
(Kwiczak-Yigitbasi et al. 2020). The cellulose struc-
ture is primarily affected by hydrogen bonds and van
der Waals forces. Hydrogen bonding within neighbor-
ing cellulose chains may determine the straightness of
the chain and impart improved mechanical properties
and thermal stability (Poletto et al. 2013). The latter
is regulated by crystallinity index, crystallite size and
degree of polymerization (Poletto et al. 2013). Cellu-
lose chemical reactivity is mainly determined by the
presence of hydroxyl groups and, depending on the
fiber size, by the morphological features, such as high
surface area (Seddiqi et al. 2021).

Imparting specific properties to cellulose by suit-
able functionalizing moieties is an appropriate way
to obtain a wide range of materials with multiple and
specific activities: catalytic, antibacterial, anti-viral,
adhesive, chelating and adsorptive (Coma et al. 2014;
Deghles et al. 2019; Dong et al. 2019; Varghese et al.
2019; Mugeet et al. 2020; Tang et al. 2021; Deng
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et al. 2022). The functionalization can occur through
electrostatic adsorption or covalent attachment, which
allows a stable link and makes the leaching of the
functional group harder (Dufresne 2017). Gener-
ally, the covalent linkage on the cellulose surface
exploits the hydroxyl groups that can be subjected to
several organic reactions, including oxidation, esteri-
fication, etherification, activation, and condensation,
necessary for the desired functionalization (Credou
and Berthelot 2014; Nemes et al. 2022). Depend-
ing on the selected functionalities, the reactions can
be carried out by using different solvents, both for
the optimization of the functionalization and for the
eco-compatibility and health safeness of the synthe-
sis (Heinze and Liebert 2001; Kedzior et al. 2019).
The efforts to decrease the impact of such procedures
are widely evident in the literature. For instance,
Jaekel et al. (2021) developed a sustainable method
to extract amino-modified cellulose nanocrystals in
an efficient one-step process using reactive eutec-
tic solvents, forming water-dispersible products. In
another study, an environmentally friendly method for
the esterification of cellulose nanocrystal surface was
realized using two non-toxic carboxylic acids, phe-
nylacetic acid and hydrocinnamic acid, which acted
both as grafting agents and solvents (Espino-Pérez
et al. 2014). Nevertheless, in the case of the function-
alization of cellulose with alkyl silyl derivatives, low
polarity solvents are often employed, such as tolu-
ene, dimethylformamide (DMF) and tetrahydrofuran
(THF) (Habibi 2014), when a high degree of substi-
tution and stable dispersion of the starting materials
are needed. For instance, aminopropyl silane groups
were used as linkers for the preparation of fluorescent
cellulose nanocrystals -with potential application in
functional papers, sensors and bioimaging- through
a grafting procedure involving anhydrous DMF as a
solvent (Yang and Pan 2010). Recently, Leong et al.
(2019) prepared aminopropyl-cellulose derivatives
using non-polar toluene and the materials were used
as sorbents to remove rhodamine and crystal violet
dyes. These solvents’ utilization was due to prevent-
ing the oligomerization of silane derivatives that
usually occurs in water-based systems, as shown by
Robles et al. (2018). In this perspective, ethanol can
represent a good compromise to avoid the oligomeri-
zation of silane derivatives and, at the same time,
to improve the eco-compatibility of the procedure.
Indeed, Testa has demonstrated the advantages of
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substituting toluene with ethanol in the functionaliza-
tion of sulfonic propyl silane on silica support (Testa
2021; Testa and La Parola 2021).

Moreover, the interest in waste-derived cellulose
(i.e., derived from agricultural scraps, industrial by-
products and even waste textiles) is increasing to
lower the environmental impact related to the use of
virgin plants (Testa and Tummino 2021). The appli-
cations of different types of waste cellulose concern
a remarkable amount of works where cellulose is
studied in several forms and shapes, in many tech-
nological fields, as clearly verifiable from the recent
literature (Phanthong et al. 2018; Baghel et al. 2021;
Noremylia et al. 2022; Rashid and Dutta 2022; Sam-
rot et al. 2022). In order to give value to waste, some
of us (Tummino et al. 2020) have recently used soy-
bean hulls (SBHs) as new sources of chemicals and
materials. Soybean hulls are one of the by-products
of soybean crushing, and they are mainly constituted
of cellulose (29-51%), hemicellulose (10-25%),
lignin (1-18%), pectin (4-30%), proteins (11-15%),
as demonstrated by different ad hoc reports (Alemdar
and Sain 2008; Flauzino Neto et al. 2013; Merci et al.
2015; Ferrer et al. 2016; Debiagi et al. 2020). SBHs
have been studied in their pristine form or as a source
of carbon for the production of micro-mesoporous
adsorbents and biofillers, and also its polysaccharides
constituents can find application in different branches
of biotechnology (food, medicine, bioremediation,
constructions, paper industry, etc.) and biorefinery.
Moreover, SBHs are the source of an enzyme, soy-
bean peroxidase, adopted in various applications such
as bioremediation and wastewater treatment, bioca-
talysis, diagnostic tests, therapeutics, and biosensors
(Tummino et al. 2020; Lavagna et al. 2021). In a
previous work (Tummino et al. 2020), the exhausted
soybean hulls obtained after the peroxidase extraction
(SBH-A) were recovered and successfully employed
as adsorbents in different metal-contaminated waters.
The better performances of SBH-A compared to the
untreated hulls (SBH-B) were mainly attributed to the
enzyme extraction that also acted as a cleaning proce-
dure from some inorganic and organic substances pre-
sent in the main lignocellulose structure. Thanks to
SBH-A cellulose-based composition and the possibil-
ity of a double-recovery of a largely produced agricul-
tural scrap, SBH-A-derived cellulose can be eligible
as green support for active functionalizing moieties.
Indeed, in this study, we used the SBH-A-derived

cellulose to prepare new waste-derived antibacterial
materials.

In general, the interest towards novel antimi-
crobial materials is growing to overcome different
problems. Firstly, the phenomenon of antibiotic
resistance has to be faced, since bacteria have found
their path to survive existing antibiotics, potentially
leading to humanitarian and economic crises (Gao
et al. 2021). Thus, on the one hand, it is important
to develop new drugs and strategies against infec-
tions, but, on the other hand, it is necessary to stop
or at least contain the pathogen proliferation and
spreading, which can occur in different ways, for
example, through contaminated surfaces and water
(Chaoui et al. 2019; Mahira et al. 2019; Gao et al.
2021; Liguori et al. 2022). It has been reported that
the traditional substances used to remove patho-
gens, like hydrogen peroxide and chlorine-based
compounds, are often insufficient to eradicate all
the microorganisms (partly due to the evolution of
bacteria resistance) and, additionally, cause envi-
ronmental toxicity issues (Mahira et al. 2019; Sriv-
astav et al. 2020; Kusi et al. 2022). Recently, the
application of nanomaterials, mainly based on metal
and metal oxide, has been commonly investigated,
showing noticeable performances in tackling bacte-
ria action (Mabhira et al. 2019; Huang et al. 2020).
Nevertheless, the challenge of using and recovering
nano-sized particles, with consequent release in the
environment and toxicity issues, forces the scientific
community to further optimize this kind of mate-
rials following the approach of safety-by-design
(Musee et al. 2011; Huang et al. 2020). Lastly, one
of the newest frontiers in the disinfection field is
the preparation of materials starting from sustain-
able resources, witnessed by several other papers
describing bio-based and waste-derived com-
pounds as substrates for antimicrobial function-
alities (Mufioz-Bonilla et al. 2019; Al-Tayyar et al.
2020; Ielo et al. 2021; Wu et al. 2022). In the same
direction, this work focuses on antibacterial SBH-A
waste cellulose after the immobilization of amino-
propyl groups. In the last years, in fact, the anti-
bacterial ability of aminated compounds has been
reported, from chitin- and chitosan-based (Khat-
tak et al. 2019; Tyagi et al. 2019; Li and Zhuang
2020) to amino acid-based systems (Zardini et al.
2012). For instance, regarding NH,-containing cel-
lulose, Koshani et al. (2022) prepared aminated
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nanocrystalline cellulose from dialdehyde cellu-
lose using ammonia and sodium borohydride and
observed a certain bacterial reduction against gram-
positive Listeria monocytogenes and gram-negative
Salmonella enterica serotype Typhimurium after
3-h contact. Shao’s group (2017) has prepared bio-
compatible amino alkylsilane-grafted bacterial cel-
lulose membranes with enhanced hydrophobicity
features and antibacterial and antifungal properties,
effective against Escherichia coli, Staphylococcus
aureus, Bacillus subtilis and Candida albicans.

Summarizing, in this work, waste cellulose
extracted from SBH-A (deproteinized SBHs) was
modified by a one-step grafting with 3-aminopro-
pyl triethoxysilane to confer antibacterial proper-
ties (Nemes et al. 2022) and commercial fibrous
cellulose derivatives were studied for comparison.
The functionalization procedure was optimized by
varying the solvent (toluene and ethanol as an eco-
compatible alternative), the reaction temperature
(strictly connected to the solvent characteristics)
and the degree of amino functionalities. Indeed, the
overall sustainability pathway consisted of prepar-
ing antibacterial materials, progressively decreas-
ing the impact of reaction parameters (choice of
waste biomass, greener solvent, lower reaction
temperature and reduced reagent amount). Con-
sidering the valorization of waste biomass, to the
best of our knowledge, this is the first time that this
kind of soybean waste has been employed to pro-
duce functional materials in view of pathogens’
decontamination.

Materials and methods
Extraction of soybean peroxidase

For the extraction of soybean peroxidase (SBP), an
established method was used (Calza et al. 2016).
Briefly, the soybean seeds were peeled and ground
in a mortar (SBH-B), added to phosphate buffer
(0.025 M, pH 7) and left under stirring for 2 h at
room temperature. Then, the hulls were separated
from the solution by filtration with cotton gauze and
subjected again to the same treatment until the filtrate
responded negatively to the enzymatic activity test
for SBP. The hulls were successively dried at room
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temperature, cooled by Nitrogen at 77 K and then
ground. The final product is labelled SBH-A.

Isolation of cellulose

Following the procedure of Sinclair et al. (2018),
dried hulls (30 g) were soaked in 300 ml of a NaOH
solution (Sigma Aldrich, 2% w/v) and stirred at 80 °C
for 2 h. The obtained suspension was filtered on a
Buchner funnel (filter Whatman 1) and abundantly
washed with deionized water to reach a neutral pH.
The pulp was dried in the oven at 60 °C for 4 h. The
dried product was treated with an aqueous solution of
HCI 1 M (Sigma Aldrich, 2 h at 80 °C) in the ratio
10 g hull-derived product: 100 ml HCI solution,
repeating the steps of filtration/washing on Buchner
funnel and drying. Lastly, another step with NaOH
2% for 2 h at 80 °C, filtration/washing and drying,
was carried out. For comparison, the cellulose isola-
tion procedure was carried out from both SBH-A and
untreated hulls (SBH-B).

APTES-cellulose functionalization

In a typical synthesis (Testa et al. 2015; Tummino
et al. 2019), a mixture of SBH-A-waste cellulose (W)
or commercial fibrous cellulose (F) (cellulose Fibers,
medium, Sigma Aldrich) (1 g) and 3-aminopropyl tri-
ethoxysilane (APTES, 95%, Sigma-Aldrich) (1.5 or
3 mL) was refluxed in dry ethanol (Sigma Aldrich)
or toluene (Sigma Aldrich) (20 mL) during 8 h. The
material was filtered in vacuo and dried for 2 h at
100 °C. To clarify, Scheme 1 reports the functionali-
zation procedure, whereas Table 1 reports the name
of the samples related to the reaction conditions used
for their synthesis (solvent type and amount of amino
group). The ratios cellulose:APTES are identified as
1:1 and 1:2, when 1.5 and 3 ml of APTES were used,
respectively.

Characterization

Elemental analysis (C, H, N, S) was performed on
hulls, cellulose and functionalized cellulose with
a Thermo Nicolet FlashEA 1112 Series (Waltham,
MA, USA). One of the main parameters considered
was the Nitrogen content (% wt), as an indicator of
NH,-functionalization. The stability of function-
alization for the W-series was verified by washing



Cellulose (2023) 30:7805-7824

7809

(EO),SI (EO)Si

<_/7 2 \/_/—Nuz

HO OH \ Hi

o
CH,OH HOH,C s‘/ NH, / /
HO. OH v W H,C H,C
le] o) Q OH EtO HO OH
HO o - o (o O, JoH
° /o Ho Fd/°
HO OH \ HOH,C OH o
OH,C H OH
n-2

Scheme 1 Functionalization reaction of cellulose with 3-aminopropyl triethoxysilane

Table 1 Sample labels and reaction conditions

Sample Support/functionalizing agent ratio Solvent
W-E-1 Waste SBH-A Cell/APTES 1:1 Ethanol
W-T-1 Waste SBH-A Cell/APTES 1:1 Toluene
W-E-2 Waste SBH-A Cell/APTES 1:2 Ethanol
W-T-2 Waste SBH-A Cell/APTES 1:2 Toluene
F-E-1 Fibrous commercial Cell/APTES 1:1 Ethanol
F-T-1 Fibrous commercial Cell/APTES 1:1 Toluene
F-E-2 Fibrous commercial Cell/APTES 1:2 Ethanol
F-T-2 Fibrous commercial Cell/APTES 1:2 Toluene

the powders in deionized water (during 3 and 24 h)
under stirring; then, the solid was separated and
dried to be subjected to elemental analysis and
quantify the residual N amount with respect to the
initial N value of non-washed samples.

Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra were recorded with a
Thermo Nicolet iZ10 spectrometer (Milan, Italy)
equipped with a Smart Endurance TM (ZnSe crys-
tal) in the range 4000-650 cm™! with 32 scans and
4 cm™' band resolution.

The morphology of samples was examined using
an EVOI10 Scanning Electron Microscope (Carl
Zeiss Microscopy GmbH) with an acceleration volt-
age of 20 kV. The samples were sputter-coated with
a 20 nm-thick gold layer in rarefied argon (20 Pa),
using a Quorum SC7620 Sputter Coater.

X-ray diffraction (XRD) analyses were per-
formed using X-ray diffraction (XRD) measure-
ments on a Bruker—Siemens D5000 X-ray powder
diffractometer (Bruker AXS, Karlsruhe, Germany)
equipped with a Kristalloflex 760 X-ray genera-
tor and a curved graphite monochromator using
Cu Ka radiation (40 kV/30 mA) in reflection mode

(Bragg—Brentano geometry). A proportional coun-
ter and 0.05° step sizes in 20 were used.

The thermal behavior of the samples was inves-
tigated by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). For TGA
analyses (TGA 1 Star System of Mettler Toledo,
Schwerzenbach, Switzerland), about 10 mg of sam-
ple was heated from room temperature to 100 °C,
left at this temperature for 30 min and then heated to
1000 °C at a rate of 10 °C min~! in 30 mL min~! of
nitrogen flux. Derivative thermogravimetry (DTG)
was used to identify the temperature of maximum
mass-loss rates. Differential scanning calorimetry
(DSC) was carried out with a DSC calorimeter (Met-
tler Toledo 821e, Schwerzenbach, Switzerland) cali-
brated by an indium standard. The calorimeter cell
was flushed with 100 ml min~' nitrogen. The run was
performed from 30 to 500 °C, at the heating rate of
10 °C min~! and the mass sample was about 5 mg.
The data processing was conducted with the STARe
Software.

Antibacterial tests

The antimicrobial activity was evaluated according to
ASTM E 2149-2013 procedure “Standard test method
for determining the antimicrobial activity of immo-
bilized antimicrobial agents under dynamic contact
conditions”. This is a quantitative method performed
under dynamic contact conditions. The bacteria were
Escherichia coli ATCC 11229 (gram-negative) and
Staphylococcus aureus ATCC 6538 (gram-positive).
The bacteria were grown in a proper nutri-
ent broth (Buffered peptone water for microbi-
ology, VWR Chemicals) for 24 h at 37 °C. The
bacteria concentration was measured with a spec-
trophotometer and diluted into a sterile buffer to
give a 1.5-3.0x 10° CFU/ml working dilution. This
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bacterial inoculum was put in contact with the anti-
bacterial agent (cellulose powder) under shaking at
room temperature for 1 h (the standard cellulose/inoc-
ulum ratio was 1 g/50 ml). After this time, 1 ml of
inoculum was diluted 1000 times and plated in Petri
dishes with Yeast Extract Agar (Sigma Aldrich). The
Petri dishes were incubated 24 h at 37 °C and, then,
the surviving bacteria colonies were counted and
compared to the initial bacteria concentration of the
inoculum to calculate the % bacterial reduction using
this equation (Eq. 1).

(A — B) x 100

Reduction(%) = "

ey
where A=number of viable microorganisms before
treatment, B =number of viable microorganisms after
treatment. When necessary, the antibacterial agent/
inoculum ratio was variated: these cases are under-
lined in the Results and Discussion section.

The antimicrobial effect of amino group leach-
ing in solution was investigated by putting the cellu-
losic powder in contact with the sterile buffer (ratio
1 g/50 ml). After one hour, the liquid phase was sepa-
rated from the deposited solid (that was then left to
dry) and both portions were independently subjected
to the antibacterial tests (towards E. coli), following
the ASTM E 2149-2013 procedure.

Results and discussion
Isolation of cellulose from SBH-A and SBH-B

First, it is worth underlining that the cellulose iso-
lation was performed by following a conventional
chemical method: the combination of both acid and
alkali treatments for obtaining soybean hull cellulose

has been robustly demonstrated as effective in the
removal of hemicellulose, lignin and minor compo-
nents (Alemdar and Sain 2008; Ferrer et al. 2016;
Sinclair et al. 2018; Iglesias et al. 2021).

In this work, cellulose was isolated from SBH-A
and SBH-B in the form of powders with a light brown
color, indicating the presence of a small portion of
chromophore-rich compounds left from the hulls’ lig-
nocellulosic matrix. In Supplementary Information
(Fig. S1), the infrared spectra of the solids recovered
at different isolation steps (alkaline-acid-alkaline)
and the filtrated part after the first NaOH treatment
are reported as proves of the progressive efficiency
of the cellulose isolation procedure. An overall yield
of 36+ 1% of final cellulose product (quantified with
respect to the initial hulls’ weight) was obtained by
SBH-A, whereas for SBH-B, the yield was 29 +3%.
This difference can be attributed to the higher cleanli-
ness of SBH-A, which, in turn, did not present filter
clogging problems during the isolation and allowed
an easier recovery of the material (contrarily to what
happened with SBH-B). Indeed, as demonstrated
in the previous work (Tummino et al. 2020), the
SBP extraction in phosphate buffer served as a pre-
liminary purification of the lignocellulosic backbone
from minor organic components (especially the pep-
tidic portion) and metals (such as iron, aluminum and
manganese).

The elemental compositions (C, H, N, S) of
SBH-A, SBH-B, the derived waste celluloses and
the commercial reference sample (F) are reported
in Table 2. The presence of N in both soybean
hull samples and SBH-B cellulose is reasonably
an index of peptide/protein content, following the
order: SBH-A-derived and F-cellulose < SBH-B
cellulose << SBH-A <SBH-B. The C/H ratios of
both SBH-derived cellulose specimens are in good
agreement with the reference F-cellulose, with the

Table 2 Elemental composition of different SBHs and derived celluloses

Element Samples

SBH-A SBH-B Cellulose from SBH-A Cellulose from SBH-B F-cellulose
C (wt%) 41.27+0.16 41.37+0.08 42.62+0.03 42.74+0.03 42.00+0.10
H (wt%) 5.94+0.07 6.09+0.05 6.07+0.04 6.16+0.04 6.03+0.08
N (wt%) 1.28+0.01 1.50+0.06 0 0.07 +£0.05 0
S (wt%) 0 0 0 0 0
C/H 6.95 6.79 7.02 6.94 6.97
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theoretical ratio based on the cellulose molecular
structure and with other studies reporting cellulose
elemental composition (Carrier et al. 2011; Liang
et al. 2018; Zheng et al. 2021). The same parameter,
analyzed for the hulls SBH-A and SBH-B, is not so
far from the previous quantifications, demonstrating
that the original biomass contains a limited amount of
lignin (as already found in the literature Merci et al.
2015), which, otherwise, would have significantly
increased the C/H values (Cagnon et al. 2009; Muley
et al. 2016; Zhang et al. 2021).

For a more exhaustive characterization of SBH-A
and SBH-B, reference should be made to (Tummino
et al. 2020), whereas from the comparison of other
physical-chemical features of the final cellulosic
products, evaluated by ATR-FTIR, SEM and DSC
(data not shown), it emerged that the two starting
SBH precursors originated very similar products. The
only slight differences were revealed by ATR-FTIR of
SBH-B-derived cellulose, where small signals related
to protein content and/or aromatic —-C=C- stretching
(around 1540 cm™! and 810 cm™') are assignable to
residual proteins and hemicellulose (Jungnikl et al.
2008; Hudson-Mcaulay et al. 2020; Tummino et al.
2020). SBH-A was then chosen as the waste cellulose
source for further functionalization.

Characterization of materials

The effectivity of the APTES functionalization on
waste SBH-A cellulose (W) was ascertained by the
quantification of Nitrogen in the samples through
Elemental Analysis (see Fig. 1a). The same test was
carried out also on the commercial fibrous cellulose
(F), representing the pure reference material. Since
the bare commercial sample and the waste cellu-
lose are devoid of Nitrogen, the results related to N
amount are not inserted in the comparative graph.
As shown in Fig. la, the N amount was generally
higher for W-samples (about 0.6%) with respect to
the F-derivatives and, among the F-samples, the syn-
theses carried out in the presence of ethanol led to
a higher functionalization efficiency. Moreover, the
obtained N (wt%) values are substantially independ-
ent of the cellulose:APTES ratios, indicating that the
functionalization reached a maximum with respect
to the available cellulose sites. Unexpectedly, W-T-1
behavior stands out with respect to the other similar
samples, presenting a N content of ca. 0.9%. For this

W-E-1 W-T-1 W-E-2 W-T-2 F-E-1 F-T-1 F-E-2 F-T-2
Samples

2_ 1l
£ 701 24n

W-T-1 W-E-2
Samples

W-T-2

Fig. 1 a N content (wt%) from elemental analysis; b percent-
age of residual nitrogen after washing procedure

reason, the stability of the materials and the leaching
of the amino groups in waste cellulose derivatives
were studied and the results are reported in Fig. 1b.
After 24 h of washing, the N loss related to W-T-1
was the most pronounced indicating that a significant
fraction of the amino groups was only physisorbed or
weakly attached to the cellulose surface. For all the
other samples, after 24 h, a similar degree of residual
N percentage (around 60%) was reached. The same
tests carried out for comparison on F-cellulose deriv-
atives showed an average loss of 40% after 3 h, and
up to 60% after 24 h.

The data about functionalization degree and sta-
bility seem to primarily indicate higher effectiveness
of the functionalization procedure in the presence
of ethanol as a solvent, which is eco-compatible and
also works at a lower refluxing temperature (77 °C
for ethanol vs. 110 °C for toluene). Indeed, although
ethanol is a poor solvent for semicrystalline cellulose
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because it cannot decrystallize and well disentan-
gle cellulose chains (Naz et al. 2016; Ghasemi et al.
2017), it can promote, due to its polarity, the break-
age of some hydrogen bonding among the cellulose
chains (Robles et al. 2018), increasing the availability
of hydroxyl groups for the functionalization process
(Juntaro et al. 2012; Naz et al. 2016). Secondly, a pos-
sible explanation of the higher degree (and stability)
of functionalization on SBH-A waste cellulose with
respect to the commercial one is related to the alka-
line treatment suffered during its isolation. In fact,
such treatment acted by disrupting the —OH bond-
ing in the fiber structure, producing ionization and
leading to an alkoxide (Fiber-O™). After the abun-
dant washing cycles performed on our samples, most
of the form Fiber-OH has been restored, but such a
strong procedure may have left some changes in the
chemical reactivity (Stepanova and Korzhikova-
Vlakh 2022).

ATR-FTIR measurements for all the analyzed
samples mainly showed the typical signals of cellu-
lose (see the spectra of some selected powders with
the related attributions in Supplementary Information
and Figure S2) (Yang et al. 2007, 2017). The suffi-
cient degree of cellulose isolation from SBH-A at
the expense of other components is confirmed by the
absence of the peak at 1745 cm™!, which is related to
either the acetyl and uronic ester groups of the hemi-
celluloses or the ester linkage of the carboxylic group
of the ferulic and p-coumaric acids of lignin and/
or hemicellulose (Camiscia et al. 2018). This peak,
indeed, is visible in Fig. S1, in the spectra of SBH-A
and SBH-A after HCI treatment. For the functional-
ized samples, the shoulder at about 1560 cm™! can
be ascribed to the N—H bending of primary amines
(Sheltami et al. 2015; Zhang et al. 2016) and can be
assumed as another proof of APTES attachment.

In order to study the morphology of celluloses (F
and W) and the corresponding amino samples, SEM
analysis was carried out (see Fig. 2). F-cellulose and
its derivatives exhibited both fibers and some aggre-
gates (Fig. 2a, c, e). In all SBH-A celluloses (Fig. 2b,
d, f), some cemented regions could be distinguished,
presumably due to residual hemicellulose, lignin and
other minor components around the fiber-bundles
(Alemdar and Sain 2008) (see specifically Fig. 2d),
whose presence can also be witnessed by the light
brown color of the W-cellulose-based powders. More-
over, it is possible to assert that no morphological
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changes were evidenced after the APTES immobili-
zation, showing the negligible influence of the func-
tionalization procedure on the morphology of the
considered samples. The variation of functionaliza-
tion parameters had, as a sole visible effect, the pres-
ence of some round-shaped impurities in F-T-1 and
W-T-1 (Fig. 2e, ). In particular, W-T-1 has already
been mentioned for its out-of-range N-content, which
can be correlated with the presence of physisorbed
aminopropyl silane on the fiber surface. As a repre-
sentative dimensional parameter, the distribution of
fiber lengths, fitted by a Gaussian function, displayed
a narrower range of lengths for W-celluloses that were
also shorter than the reference F-celluloses. Actually,
such distribution values are centered at 56 +3 pm for
commercial cellulose-derived samples and 35+ 1 pm
for soybean hulls-derived ones (Fig. 2g, h).

The X-ray diffractograms of all the considered
samples were very similar among them. They were
consistent with the typical pattern of crystalline cel-
lulose type Ip (monoclinic) (Park et al. 2010), exhib-
iting the principal peaks at 14.5°, 16.5° and 22.5°
20, which are attributed to the planes (1 —1 0), (1
1 0), and (2 0 0) (French 2014; Gong et al. 2017),
respectively (Fig. 3). According to Alemdar and Sain
(2008), the hydrogen bonds between cellulose mol-
ecules are arranged in ordered systems (crystallites)
with crystal-like properties, interrupted by disordered
(amorphous) regions. In this work, no evidence of
structural changes caused by amino-functionaliza-
tion was detected in the case of the F-series nor in
the W-series. Overall, both XRD and SEM results
obtained in this study are in good agreement with
the literature (Flauzino Neto et al. 2013; Merci et al.
2015).

Figure 4 displays the main outcomes of thermal
analyses (TGA and DSC). Figure 4a reports some
representative TGA thermograms. All the materi-
als showed similar trends of thermal degradation,
except around 230-400 °C (see the comment on
DTG curves for the explanation). The remaining res-
idues at 1000 °C corresponded to 8 wt% for F-cel-
lulose, 12 wt% for W-cellulose and 13-21 wt% for
aminated celluloses. These values are in line with
the presence of small amounts of impurities within
W-cellulose and the introduction of APTES groups
in the functionalized samples, which increased the
quantity of residual mass (char and ashes (Azubuike
and Okhamafe 2012; Khanjanzadeh et al. 2018)).
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Fig. 2 SEM images of
various samples at different
magnifications (on the left
F-series and on the right
W-series are reported),
precisely a bare F-cellulose,
b bare W-cellulose, ¢
F-E-1,d W-E-1, e F-T-1, f
W-T-1. Graphs g and h are
the length distributions for
F- and W-samples’ series,
respectively
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From the examination of DTG curves (see examples
in Fig. 4b), a certain temperature shift of the peak
that indicates the maximum degradation rate (T ,4,.)
was visible. In particular, such peaks were centered
at 345 °C for F-cellulose, at about 352 °C for F-T-1

— 20 um

Counts

30 40
Length (um)

and F-T-2, and around 364 °C for W-cellulose,
W-E-1, W-E-2, W-T-2, F-E-1 and F-E-2.

In general, the quantity of the attached APTES (see
Fig. 1a) and the presence of residual impurities in
SBH-A-derived samples are the most probable factors
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Fig. 3 X-ray patterns for selected samples, with the indication
of the main lattice planes

that influenced the major thermal degradation phe-
nomenon. For instance, beyond the bare F-cellulose,
both F-T-1 and F-T-2 (prepared from commercial
cellulose with toluene) showed the minimum pres-
ence of amino groups and, concurrently, the lowest
T . It is also worth noting that, for the samples with
the best thermal stability (namely highest T, 4), the
DTG curves manifested a non-flat trend in the range
225-300 °C, suggesting that some initial events could
have formed a protective and stabilizing layer. Two
distinct stages characterize cellulose decomposition:
slow endothermic dehydration of the hydroxyl groups
to form anhydro-cellulose (at about 200-280 °C) and
a faster unzipping of the remaining cellulose poly-
mer chain at temperatures above 280 °C, yielding a
complex mixture of char residues and gas (Durkin
et al. 2019). It has already been reported that APTES
and similes can improve cellulose thermal properties
due to the possibility of binding two or more cellu-
losic hydroxyl groups during the functionalization
reaction (Voicu and Thakur 2021) and the conse-
quent crosslinking effect (Khanjanzadeh et al. 2018;
Bessa et al. 2021). Moreover, the APTES stabilizing
mechanism in pyrolysis may involve the initial forma-
tion of an insulating siloxane coating on the cellulose
surface that acts as a heat transfer barrier and delays
the unzipping of the biopolymer (Durkin et al. 2019).
Nevertheless, in particular conditions, this process
can be hindered: Neves et al. (2020) claimed that
the 3-aminopropyl triethoxysilane modification of
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microcrystalline cellulose caused a reduction in crys-
tallinity which facilitated the heat diffusion along the
sample and decreased the heat resistance.

The other significant parameter affecting thermal
properties was the use of W-cellulose. In this case,
the primary degradation step (250-300 °C) can be
imputable to the behavior of residual hemicellulose
components such as xylan and glucomannan (Garcia-
Maraver et al. 2013; Wang et al. 2020). On the other
hand, the delay of the principal phenomenon could be
governed by the presence of lignin and other polyphe-
nolic compounds (rich in aromatic groups and ether
carbon bonds), which improved the thermal stability,
as suggested by several studies (Garcia-Maraver et al.
2013; Jiang et al. 2019; Zhang et al. 2019).

The T, shift tendency shown by DTG coincides
with that found for DSC outputs, as observable in
Fig. 4d and its correlation to Fig. 4b. In this regard,
Fig. 4c (yellow histogram, on the bottom) globally
reports the temperatures of DSC peaks in the range
of 300400 °C, implying an overall endothermic
phenomenon. In general, the thermal degradation
properties of the amino-silylated and waste-derived
materials presented in this work resulted in a suffi-
cient stability level to eventually support traditional
thermal sterilization treatments, which are generally
required, for instance, in medical applications (Chan-
tereau et al. 2019).

The effects of the cellulosic support and the type of
solvent can also be discussed by looking at the DSC
peak area integrations for the different samples, rep-
resenting the enthalpy (AH) of the heat-driven trans-
formation (Fig. 4c, grey histogram, on the top). It is
possible to recognize a complementarity between the
temperature of the DSC peak (proportional to T, 4.
and, thus, stability) and its integration. For example,
F-cellulose, F-T-1 and F-T-2 results showed the high-
est AH, which was in opposition to the T-trend. In
particular, the combination of both W-cellulose and
ethanol most significantly decreased the AH value.
To explain this outcome, on the one hand, we can
assume that the thermal phenomena are distributed
along a broader range of temperatures in analogy
to TGA, due to APTES and leftover lignocellulosic
compounds, decreasing the energy involved in the
principal transformation. On the other hand, it is nec-
essary to deepen the meaning of that DSC peak for
cellulose: it corresponds to a complex overlapping of
different events, namely the fusion of its crystalline
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Fig. 4 a TGA thermograms of selected samples; b DTG curves related to samples in (a); ¢ histograms reporting the temperatures of
the DSC peaks and the values of the areas under the peaks (AH); d DSC curves related to samples in (a, b)

part (endothermic) and the depolymerization (exo-
thermic) (Moréan et al. 2008; Rosa et al. 2012; Helmi-
yati and Yulianti 2014). The compresence or the
predominance of one over the other event depends
on various parameters, such as molecular weight,
amorphous content, crystallite sizes, etc. (Rosa et al.
2012). In our study, both the intrinsic W-cellulose
characteristics and ethanol interaction with cellulose
may have influenced those features, also considering
the already discussed results regarding the different
functionalization efficiencies, due to solvent and cel-
lulose type reactivity.

For the sake of clarity, TGA and DSC results
for the sample W-T-1 were not reported, since its
level of uncleanness seriously affected the analyses.
In particular, its thermal degradation pathway was

more similar to F-T-1 and F-T-2 than all the other
W-cellulose samples. Regarding DSC, W-T-1 did not
show the endothermic peak, leaving only the exother-
mic component and, thereby, confirming a certain
instability.

Antibacterial activity

After the optimization of the synthetic procedure
and the deep characterization of the materials, it
was possible to study the antibacterial properties of
functionalized waste cellulose. The antibacterial test
outcomes, obtained following the ASTM procedure
using the cellulose/inoculum ratio as 1 g/50 ml, evi-
denced that all the functionalized samples reached
100% bacterial reduction after 1 h-contact for both the
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Table 3 E. coli reduction (%) obtained by decreasing the
amount of functionalized cellulose in contact with the bacterial
inoculum

Sample Bacterial
reduction
(%)
Functionalized W-samples in standard conditions 100
W-E-1 (1:250) 99.7
W-E-1 (1:5 000) 96.8
W-E-1 (1:10 000) 96.8
W-T-1 (1:500) 100
W-T-1 (1:10 000) 97.6
W-E-2 (1:250) 99.7
W-E-2 (1:500) 99.7
W-E-2 (1:10 000) 93.3
W-T-2 (1:250) 100
W-T-2 (1:500) 100
W-T-2 (1:10 000) 97.4

The ratios in brackets represent the number of folds in which
the cellulose amount was diminished with respect to standard
tests

bacterial strains (Staphylococcus aureus and Escheri-
chia coli). In order to underline eventual differences,
the amount of functionalized cellulose was decreased
in ad hoc trials with Escherichia coli, and the related
results are summarized in Table 3, showing, again, a
superior antibacterial activity. The tests were made in
duplicate and the error was lower than 1%, except in
the case of W-E-2, for which the error was estimated
as 5%, mainly due to experimental fluctuations than
specific events with detrimental effects.

Previous studies on other antibacterial cellulosic
materials tested with the same ASTM method, for
a better comparison, showed as the most exploited
functionalities have involved positively-charged
N-based species (Hassanpour et al. 2017, 2018; Tyagi
et al. 2019; Sperandeo et al. 2020). For instance, qui-
nolinium silane salt (Hassanpour et al. 2017) and
phenanthridinium silane salt (Hassanpour et al. 2018)
onto nanofibrillated cellulose exhibited a certain
antimicrobial activity, with a predominant effect on
gram-negative or gram-positive bacteria depending
on the functionalizing salt. Sperandeo et al. (2020)
optimized the functionalization of microcrystalline
cellulose powder with two peptides (lasioglossin-III
and TBKKG6A) able to show antimicrobial activity
at low concentrations. The peptide-modified cellulose
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obtained a 100% bacterial reduction towards E.coli at
the concentration ratios cellulose/inoculum 1 g: 50 ml
in the case of lasioglossin-III (as in our first stand-
ard tests) and 2.5 g: 50 ml in the case of TBKKG6A
(Sperandeo et al. 2020).

Since a portion of amino groups was found to be
released in aqueous media (see Fig. 1b), further tests
were conducted to check whether the antibacterial
activity of functionalized W-cellulose against E.coli
was maintained after the partial leaching of amino
groups. The results showed that all the recovered
materials (W-E-1, W-T-1, W-E-2 and W-T-2) still led
to complete bacteria removal. For the sake of accu-
racy, also the solution put in contact with the cellu-
losic powder showed antibacterial activity, indicat-
ing that also the released amino groups undertook an
action in the homogeneous phase representing other
points of attack against pathogens, as occurs in the
case of biocide-releasing polymers (Siedenbiedel
and Tiller 2012). Although this kind of activity has
to be specifically investigated to assess its environ-
mental impact, in the first instance, we can say that
(1) APTES is considered a relatively safe reactant (Shi
et al. 2011; Esparza-Gonzélez et al. 2016; Shao et al.
2017; Khanjanzadeh et al. 2018) and (ii) the quan-
tity released in antibacterial tests with the decreased
(1: 10,000) cellulose/inoculum ratio would be in the
magnitude order of ppb.

Both non-functionalized celluloses (commercial
and from SBH-A), used as references in standard
tests, did not show any antibacterial activity against S.
aureus (gram-positive) and, analogously, bare F-cel-
lulose was practically inactive towards E. coli (gram-
negative) with 15% bacterial reduction. This result is
not surprising since it is known that cellulose does not
possess inherent antibacterial activity (Khattak et al.
2019; Rashki et al. 2021). Nevertheless, bare W-cel-
lulose reached a 52% bacterial reduction in the pres-
ence of E. coli. Even though this evidence does not
allow us to consider soybean hull-derived cellulose as
an antibacterial in the strict sense, it deserves some
considerations. First, since the pH of the suspensions
of W-cellulose in distilled water was 7 and no particu-
lar contaminants (e.g., salt crystals) were detected by
a deep analysis of the samples by SEM, we can rule
out the presence of non-removed excess inorganic
chemicals (such as NaOH, NaCl) used or formed in
the cellulose extraction process and which could have
any significant antibacterial activity. Second, soybean



Cellulose (2023) 30:7805-7824

7817

seeds are recognized as sustainable sources of vari-
ous phytochemicals, such as isoflavones and other
polyphenols (Villalobos et al. 2016; Abutheraa et al.
2017; Hosseini Chaleshtori et al. 2017; Carneiro
et al. 2020; Nile et al. 2022). In different studies, the
main isoflavones identified in soybean hulls and okara
(residual portion obtained after filtering the water-
soluble fraction during the production of soymilk or
soybean curd (Nile et al. 2020)) are daidzein, daid-
zin, genistein, genistin, glycitin, and glycitein (Nile
et al. 2022). Other compounds are phenolic acids
(such as gallic, ferulic, syringic) and flavonoids
(such as (+)-catechin, (—)-epicatechin and quercetin)
(Cabezudo et al. 2021). The amount/kinds of extracts
reported are influenced by the seed varieties (e.g.,
yellow, brown, dark brown, black) (Abutheraa et al.
2017) and their extraction treatment method (Cabe-
zudo et al. 2021; Nile et al. 2022). Another distinc-
tion is related to the linkage of these molecules to the
cell wall structural components (Zhang et al. 2020).
Free-form phenolics are directly released in water/
organic solvent mixtures, while conjugated (esteri-
fied) and insoluble-bound forms, which are consid-
ered to be bound to oligosaccharides, peptides or pol-
ysaccharides, can be traditionally released after acidic
or alkaline hydrolysis (Nifio-Medina et al. 2017) or,
as an alternative, by enzymatic methods (Cabezudo
et al. 2021). All these compounds are well-known for
beneficial properties like anti-cancerous, antioxidant,
anti-inflammatory, anti-osteoporosis and antimicro-
bial ones (Villalobos et al. 2016). Lignin itself, with
its polyphenolic structure, is considered antimicro-
bial and antioxidant (Alzagameem et al. 2019). The
antimicrobial effect of these substances is related to
the disruption of the microorganism plasma mem-
brane and is influenced by polyphenol hydropho-
bic and amphiphilic character, the size and type of
alkyl groups, the molecular weight, the presence of
acetate and aldehydes groups and, in particular, by
the amount and the position of OH groups (Lopez-
Romero et al. 2015; Bouarab-Chibane et al. 2019;
Guimaraes et al. 2019; Alvarez-Martinez et al. 2021).
The hydroxyl group accumulation alters the hydro-
phobicity and surface charge of the microorganism
membrane, causing lipid segregation, local ruptures,
pore formation and leakage, among other disruptive
effects (Bouarab-Chibane et al. 2019; Alvarez-Mar-
tinez et al. 2021). Regarding our results, despite the
strong acid/basic treatment that SBH-A underwent

during cellulose isolation (with the removal of most
of the non-cellulosic matter, as confirmed by FT-IR),
some residual minor components, derived from the
original matrix and detected by TGA and microscopy,
could have maintained a portion of active phenolics,
presumably the insoluble ones which were freed by
the hydrolytic process (Nifio-Medina et al. 2017,
Zhang et al. 2020). A previous study has pointed out
that, even after pulping and bleaching stages occur-
ring during cellulose separation, a minimal amount
of chromophore compounds (including quinoid and
other aromatics) can be left in the ppm-ppb range and
are still visible as off-white or yellowish coloration
(Rosenau et al. 2005). As a matter of fact, in a more
recent paper, these substances have also been detected
in lignin-free cellulosic materials and have been con-
sidered as consequences of oxidative damage to the
cellulose and hemicelluloses (Korntner et al. 2015).
Therefore, in this work, a compresence of different
types of substances can be hypothesized.

Another noteworthy aspect concerns the activ-
ity of bare W-cellulose only towards a gram-nega-
tive bacterium. It has been ascertained that there are
differences in the susceptibility to antimicrobials
between gram-positive and gram-negative bacteria
due to their cell envelope structure and composition
(Lopez-Romero et al. 2015; Luo et al. 2022). The
gram-negative bacteria cell wall is constituted by a
thin peptidoglycan layer adjacent to the cytoplas-
mic membrane and an outer membrane composed
of phospholipids and lipopolysaccharides. The pas-
sage through the outer membrane is regulated by the
presence of hydrophilic channels (porins) (Guimaraes
et al. 2019), which can exclude the entry of hydro-
phobic substances, although exceptions have been
demonstrated (Lopez-Romero et al. 2015; Lu et al.
2016; Guimarides et al. 2019; Luo et al. 2022). On
the other hand, gram-positive bacteria lack the outer
membrane, but the cell wall is formed by a thicker
peptidoglycan layer that confers rigidity to cells and
makes it difficult to penetrate by some antimicrobials.
Another characteristic that plays a fundamental role
in antimicrobial effectiveness is the charge of the cell
surfaces, which, under physiological conditions, usu-
ally is negative due to the presence of anionic groups
in the membrane (e.g., carboxyl and phosphate)
(Lopez-Romero et al. 2015). In particular, regarding
the charge interaction between bacteria and antimi-
crobial agents, Maruthapandi et al. (2022) reported
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that a negative zeta potential characterizes both gram-
positive bacteria (prevailing polysaccharides) and
gram-negative bacteria (teichoic acids bonded to the
peptidoglycan layer). For instance, the average zeta
potential observed for S. aureus is—35.6 mV and for
E. coli is—44.2 mV. Therefore, cationic antimicrobial
agents, such as amino-based compounds, trigger the
inactivation pathway from the adhesion and punc-
ture to the negatively-charged membrane of bacteria
(Arora and Mishra 2018; Luo et al. 2022), leading to
its destabilization and eventually inducing microor-
ganisms’ death. Given these premises, if we consider
only the cellulosic component of the isolated product
from SBH-A, we cannot point out either peculiarity
in the surface charge of bare W-cellulose (negative)
(Camiscia et al. 2018; Tummino et al. 2020; Luo et al.
2022) or its changes in hydrophilicity with respect to
the reference cellulose (F), only on the basis of the
type of acid—base treatment employed for the isola-
tion and the results of chemical analyses. What could
occur is the role of W-cellulose as a passive poly-
meric layer, which was able to prevent the adhesion
of bacteria by decreasing the protein adsorption on
its surface, thereby repelling the bacteria without
actively interacting with it (Arora and Mishra 2018).
Moreover, even assuming that residual polyphenols
can play a role in antimicrobial action, several reports
state that different gram-positive and negative strains
are diversely susceptible to soybean-derived isofla-
vones and phenolic compounds (Villalobos et al.
2016; Abutheraa et al. 2017; Hosseini Chaleshtori
et al. 2017), leaving the question open with a non-
unique explanation of the phenomenon.

Conclusions and perspectives

Waste cellulose, extracted from deproteinized soy-
bean hulls’ biomass by an acid-base treatment, was
functionalized with aminopropyl groups to impart
antibacterial properties. After the optimization of the
synthesis, the aminopropyl groups were grafted in
refluxing ethanol by a basically simple one-step pro-
cedure obtaining new materials with excellent anti-
bacterial performances.

In more detail, the use of sustainable ethanol
resulted in a better functionalization efficiency than
toluene, due to higher polar interactions with cellu-
lose during the reaction and, thus, in better stability
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of the material, as assessed by thermal analyses. The
use of soybean hulls’-derived cellulose compared
with commercial cellulose evidenced the effects of
impurities derived from the original lignocellulosic
matrix, although in small quantities non-detected
by FT-IR. These compounds are hypothesized to be
unremoved hemicellulose, lignin and other aromatic
compounds, freed by the hydrolytic isolation of cel-
lulose. Their beneficial influence was, again, reflected
in functionalization efficiency and thermal stability,
but interestingly also in the antibacterial properties
of W-cellulose. Summarizing, the type of biomass
from which cellulose originated, the extraction strat-
egy, and, in addition, the solvent used for cellulose
modification play very crucial roles in the final char-
acteristics and applications. In this study, the best
performances were achieved using waste cellulose
reacting in ethanol with the loading ratio cellulose:
APTES 1:1, which represents, at the same time, the
most active and stable sample obtained by the green-
est combination of processing parameters. Moreo-
ver, from the comparison with the literature, we can
say that the main advantages of the amino-modified
SBH-derived materials examined in the present work
are the exceptional and fast bacterial reduction, also
in small concentrations, towards both gram-positive
and gram-negative bacteria.

Concerning future perspectives, it will be impor-
tant to increase the sustainability of cellulose isola-
tion with greener chemicals, enzymatic procedures,
or physical treatments (Radoti¢ and Mici¢ 2016;
Dufresne 2017; Rana et al. 2021; Gao et al. 2022;
Pradhan et al. 2022), and evaluate their effect on the
final aminated materials. Additionally, the study of
residual compounds in SBH-cellulose, among which
the polyphenolic phytochemicals, deserves specific
investigations.

Finally, the functionalization approach studied in
this work can be considered a starting point for devel-
oping other materials based on cellulose (especially
waste cellulose) which can be employed in different
sectors (i.e., antibacterial surfaces, textiles, etc.). In
powdery form, APTES-waste cellulose can be used in
formulation with other materials, such as polymeric
blends and composites. Moreover, it can be applied
as a powder filter for water depuration goals, in par-
ticular, during the first steps of water treatments, in
which preliminary enhancement of wastewater qual-
ity and disinfection occur. This circumstance is highly
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desirable in the presence of high pathogen contami-
nation levels and antibiotic resistance risk, as an alter-
native to traditional and sometimes ineffective chlo-
rinated and peroxide-based processes.
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